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Abstract:
THROUGH THE BACK DOOR:
PROTEINS ESCAPE CELLS WITHOUT CONVENTIONAL PERMISSION

Michael Cohen
Advisor: Dr. Peter Lipke
Proteins secreted to the extracellular environment play a fundamental role as signals, in
metabolism, and a variety of other processes. The process of secretion through the
endoplasmic reticulum and Golgi to the plasma membrane is well documented, and all cargo in
this pathway contains a signal peptide. However, a variety of proteins secreted from eukaryotes
lack a signal peptide and are called unconventionally secreted proteins. Here we discuss known
mechanisms of unconventional protein secretion, as well as model proteins which follow
characterized pathways. Additionally, we summarize the roles various unconventionally
secreted proteins play outside of cells and suggest criteria for identifying unconventional
secretion pathways used by proteins of interest.
The model organism S. cerevisiae is surrounded by a cell wall which contains a variety
of unconventionally secreted proteins. One such protein, GAPDH, is enzymatically active in the
wall. However, information about its secretion is lacking. We further demonstrate that GAPDH
secretion can be studied using enzymology, demonstrate that the activity observed is not due to
cell leakage. Additionally, we present a novel method to study secretion rates by inactivating
external GAPDH and monitoring nascent enzyme activity on the surface. Finally, we
demonstrate how to extract enzymatically active forms of GAPDH from S. cerevisiae without
rupturing the plasma membrane.
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We use these tools above to perform a genetic analysis of GAPDH secretion in S.
cerevisiae deletion mutants. Here we report that components of the endolysosomal system
(including the Rab5-GTPase Vp21, components of the CORVET and HOPS endosomal tethers,
as well as proteins involved in multivesicular body biogenesis) are involved in GAPDH
secretion. S. cerevisiae express 3 isoforms of GAPDH (encoded by TDH1, TDH2, and TDH3),
and we report that Tdh3 colocalizes with the endolysosomal system, as well as the MVB
(multivesicular body) marker Snf7. Therefore, we conclude that Tdh3 is taken up within
endosomal membranes prior to export.
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Chapter 1: A Review of unconventional protein secretion

Michael J. Cohen, William Chirico, & Peter Lipke

Author contributions: M.J.C prepared writing and figures about unconventional protein secretion,
W.C. contributed text and background information related to classical secretion, as well as
ESCRT assembly and classical exosome content.

Abstract:

Proteins are secreted out of eukaryotic cells by several mechanisms, notably the well
characterized classical secretory system. Proteins destined to enter the classical secretory
system contain a signal peptide for translocation into the endoplasmic reticulum. However,
many proteins lacking a signal peptide are transported to the surface of cells and are therefore
secreted by different pathways. These proteins are called unconventionally secreted proteins.
Known mechanisms of unconventional secretion and model cargo for each pathway are
discussed below. Additionally, we review factors which upregulate the different secretions, and
discuss their extracellular functions. Finally, we sum up methodology to study unconventionally
secreted proteins, and outline experimental criteria to categorize their mechanism of secretion.
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Introduction
Most proteins secreted from eukaryote cells pass through the classical secretory
pathway (Delic et al., 2013). However, a variety of proteins are secreted without passing
through the organelles of the secretion pathway and are referred to as unconventionally (nonclassically) secreted proteins. Their mechanisms of secretion are diverse (Dimou & Nickel,
2018). In yeast, ABC transporters secrete a-factor across the plasma membrane (McGrath &
Varshavsky, 1989). In mammals, some proteins are secreted by forming a pore structure and
moving directly across plasma membrane. Finally, a wide range of proteins in both yeast and
mammals are taken up into intralumenal vesicles of multivesicular bodies or autophagosomes
and released upon fusion with the plasma membrane. Unconventionally secretory pathways are
biologically controlled and utilize a variety of machinery conserved in eukaryotes. This review
will summarize key unconventional secretory pathways, list characteristics associated with the
various mechanisms, and suggest directions for future research.

An overview of classical secretion
Classically secreted proteins are translocated into the endoplasmic reticulum (ER),
either co-translationally or post-translationally. The key steps and components of the co- and
post-translational translocation pathways were identified by a combination of biochemical and
genetic approaches (Barlowe & Miller, 2013),(Delic et al., 2013). In the co-translation
translocation pathway, signal recognition particle (SRP) binds to the signal sequence located on
the N-terminus of a secretory protein as it emerges from the ribosome. SRP halts or pauses
translation and guides the nascent chain, ribosome, mRNA complex to the ER by binding to
SRP receptor (encoded by SRP101, and SRP102) located on the surface of the ER. Upon
hydrolysis of GTP, SRP returns to the cytosol and translation resumes, thereby translocating the
nascent chain through the Sec61p translocon. The signal sequence is removed during
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translocation and the mature protein folds in the lumen of the ER with the assistance of
molecular chaperones, such as BiP. In the post-translational translocation pathway,
presecretory protein synthesis is completed in the cytosol and then the proteins are translocated
into the ER with the assistance of the Sec62-Sec63 complex. In addition to Sec62 and Sec63,
the complex contains Sec61, Sec71, Sec72, Sbh1, and Sss1 as determined using yeast as a
model system.
Molecular chaperones play an important role in post-translational translocation (Chirico,
Waters, & Blobel, 1988) (Deshaies, Koch, Werner-washburnet, Craigt, & Schekman, 1988). In
the cytosol, Hsp70 (Ssa1 in yeast) maintains the presecretory protein in a translocation
competent conformation and guides it to the Sec complex, where Sec62-Sec63 binds Sec61
and primes the channel for accepting substrate (Wu, Cabanos, & Rapoport, 2019). Here Sec63
positions Ssa1 to deliver substrates to the Sec61 pore (Itskanov & Park, 2019). In the lumen of
the ER, Kar2 (yeast ortholog of BiP) and Lhs1 bind incoming presecretory proteins and aid their
translocation by trapping or ratcheting (Brodsky, Goeckeler, & Schekman, 1995). Posttranslational translocation of proteins has been described in yeast using several model proteins
including prepro α-factor. However, very few examples of post-translational translocation have
been described in higher eukaryotes, even though orthologs to the yeast proteins are present so
the machinery is largely conserved (Johnson, Powis, & High, 2013).
In the ER, newly co- or post-translationally translocated proteins are processed similarly.
If they were glycosylated during translocation, their carbohydrate chains can be modified in the
ER before they are transported in COPII vesicles to the Golgi apparatus. The proteins may be
further glycosylated in the Golgi before they are packaged into secretory or transport vesicles.
Vesicles may proceed to the plasma membrane without delay (constitutive secretory pathway)
or remain in the cytosol until fusion is signaled (regulated secretory pathway). Upon fusion with
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the plasma membrane, the secretory proteins are released into the extracellular milieu (Novick,
Ferro, & Schekman, 1981).

Box 1: Terminology and abbreviations:
Amphisome
Autophagosome

An organelle formed by an autophagosome fusing with an MVB
Double membrane structure that forms upon starvation

CUPS

Compartment for Unconventional Secretion (a series of vesicles made
from Golgi and endosomal membranes)
A post-Golgi vesicle which also contains material derived from the
plasma membrane. Sometimes called an early endosome
Endoplasmic reticulum

Endosome
ER
ESCRT

The endosomal sorting complexes required for transport. 4 different
complexes (ESCRT 0-III) of which at least one is required to generate ILV
in an MVB

Exosome

Small extracellular vesicles derived from the ILV of an MVB

Exomere

Non-vesicular nanoparticles secreted from cells, less than 50nm in size,
enriched in HSP90

FGF

Fibroblast growth factor

ILV

PM

Intraluminal vesicle, a vesicle inside of a membrane-bound organelle
such as an MVB or autophagosome
Extracellular vesicle shed from the plasma membrane, generally
determined by size
Multivesicular body (also called the late or mature endosome). An
endosome marked by intraluminal vesicles
Pre-autophagosomal structure. A post-Golgi organelle that matures into
an autophagosome upon binding autophagy factors
Plasma membrane

Unconventionally
secreted protein
Vacuole

A protein lacking a signal sequence which is secreted from eukaryotic
cells by biologically controlled processes
Yeast equivalent to a lysosome

Microvesicle
MVB
PAS

After the classical secretion pathway was described, exceptions which bypassed these
components began to emerge. For example, some secreted proteins lacked a signal sequence.
These proteins, called unconventionally secreted proteins, lack a signal sequence and were still
secreted to the external environment (Dimou & Nickel, 2018).
7

Unconventionally secreted proteins are functional.
Many unconventionally secreted proteins are extracellularly functional, consistent with
the notion that their secretion is biologically controlled. This contrasts the notion that many
unconventionally secreted proteins are simply leaking out of cells. For example, glycolysis is a
cytosolic function, and it may seem like there is little need for ATP production outside of cells.
Nevertheless, glycolytic proteins such as GAPDH have alternative extracellular roles.
In S. cerevisiae, external GAPDH can be cleaved into antimicrobial peptides (Patrícia
Branco et al., 2014). In mammals, it can be used for iron sequestration (Sheokand et al., 2013).
Hsp70 is another abundant cytosolic protein, and when it is released from Cryptococcus
neoformans it plays a role in host cell interactions and infections (Silveira et al., 2013). In
mammalian cells, externalized Hsp70 can interact with LOX-1, a cell surface receptor
(Calderwood, Gong, & Murshid, 2016) when released in vesicles, can act as a proinflammatory
(P. K. Anand, Anand, Bleck, Anes, & Griffiths, 2010; Maio, 2011). Hsp90-alpha (a truncated
form of Hsp90) promotes tissue repair in mammals by inducing migration through extracellular
signaling (W. Li, Sahu, & Tsen, 2012). This highlights the need to study the mechanisms of
unconventional protein secretion, as it is a process with consequences.
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Table 1 Selected functions of proteins unconventionally secreted in the extracellular
environment
Protein
a-factor
Engrailed
GAPDH

Organism
S. cerevisiae
D. melanogaster
Mammals

Xenopus
S. cerevisiae
Hsp70

Mammals

Hsp90-alpha
IL-1
Thioredoxin
(TXN1)

C. albicans
Mammals
Mammals
Mammals

Extracellular Function
Yeast mating pheromone
Paracrine signaling (Maizel et al., 2002)
Iron sequestration
External GAPDH alters cell morphology/spreading (Yamaji et al.,
2005)
Exosomal GAPDH negatively regulates the sodium channel ENaC
(Jella et al., 2016)
Precursor for antimicrobial peptides (Patrícia Branco et al.,
2014)
Proinflammatory response in cancer, targets natural killer cells
and macrophages (Santos, Martins, & Glaucia Noeli, 2017)
Host invasion and infection (Sun et al., 2010)
Wound healing (W. Li et al., 2012)
Cytokine during inflammatory response
Cleaved extracellular TXN1 (TRX80) is a pro-inflammatory
cytokine, and inhibits beta amyloid aggregation (Léveillard & Aïtali, 2017).

Direct transport across the plasma membrane by ABC transporters

Yeast a-factor

One of the best-known examples of an unconventional protein secretory system is that
used by yeast a-factor, a mating pheromone. Yeast a-factor is coded by MFA1, and is translated
as a 36 amino acid polypeptide precursor lacking a classical N-terminal signal sequence. In the
cytosol a cysteine residue near the C-terminus of the precursor protein is prenylated, the 3 Cterminal amino acids are cleaved off, and the cysteine residue is carboxymethylated. Next, its N
terminus is truncated in two sequential steps yielding the mature 12-amino acid a-factor
(reviewed in Michaelis 2012) (Michaelis & Barrowman, 2012). a-factor exits the cell by passing
through Ste6, an ABC transporter located in the plasma membrane (McGrath & Varshavsky,

9

1989). ABC transporters utilize energy from ATP to pump cargo, typically small, amphipathic
molecules (Wilkens, 2015).

Hsp70
ABC transporters have also been implicated in unconventional secretion of Hsp70 in
mammalian cells. It was proposed that Hsp70 escapes mammalian cells via an endolysosomal
vesicle, and that it enters the vesicles in an ABC-transporter dependent manner after a heat
shock (Mambula & Calderwood, 2006). This idea was based on evidence that the ABCtransporter inhibitor glibenclamide interferes with Hsp70 secretion. Mambula & Calderwood
suggested Hsp70 is a substrate of ABC A1 (Mambula & Calderwood, 2006). However,
glibenclamide is a sulfonylurea agent that interferes with membrane polarization in pancreatic βcells (Aittoniemi et al., 2009; Fuhlendorff et al., 1998). At high doses glibenclamide can target
ABC A1, but ABC A1 is a transporter of lipids and free cholesterol (Phillips, 2018; Terao et al.,
2011). A second drug, DIDS (4,4'-Diisothiocyano-2,2'-stilbenedisulfonic acid) targeting ABC
transporters had a similar effect on Hsp70 secretion (Mambula & Calderwood, 2006). The
mechanism of action of DIDS globally targets membrane depolarization through inhibition of
anion transport. We propose that the effects of glibenclamide and DIDS on Hsp70 secretion
could be a secondary consequence.
Transporter-independent unconventional protein secretion
Some proteins, such as FGF1, FGF2, HIV-TAT, and annexins, bypass organelles and
vesicles and are directly translocated across the plasma membrane without the assistance of a
transporter. Generally, these proteins are translated like other soluble cytosolic proteins, bind
lipids after a modification, and require other proteins to change their conformation before
transport (Popa, Stewart, & Moreau, 2018; Prudovsky et al., 2002; Steringer et al., 2012;
Stewart, Ashkenazi, Williamson, Rubinsztein, & Moreau, 2018).
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FGF1
In mammalian cells, FGF1 (fibroblast growth factor) is unconventionally secreted. Externally,
FGF1 acts as an autocrine signal and activates four different variants of the tyrosine kinase
FGFR (Ornitz & Itoh, 2015). FGF1 secretion is linked to Notch signaling (Kacer et al., 2011) and
is also induced by stress, such as heat shock (A. Jackson et al., 1992) and starvation (Shin et
al., 1996). Upon heat shock, FGF1 dimerizes, associates with S100A13, Syt1 and SphK1 as
well as Cu2+, and then the complex interacts with the plasma membrane. The complex
destabilizes the plasma membrane and then translocates across the lipid bilayer, while
simultaneously externalizing acidic phospholipids (Prudovsky, Krishnaswamy, Kumar, Sterling,
& Neivandt, 2013). During translocation, FGF1 exists in a partially unfolded state, which may
aid in this process (Prudovsky et al., 2013).

FGF2

FGF2 crosses the plasma membrane in a mechanism that uses machinery distinct from
that of FGF1, but utilizes the same principle of directly translocating across plasma membrane.
The membrane bound protein ATP1 A1 recruits FGF2 monomers to the plasma membrane,
where it subsequently binds PIP2 (phosphatidylinositol 4,5-bisphosphate). A cysteine residue
on the FGF2 surface is necessary for PIP2-induced oligomerization, and a disulfide forms
between FGF2 monomers (La Venuta, Zeitler, Steringer, Müller, & Nickel, 2015). Tec kinase
phosphorylates FGF2 at tyrosine 82, which has been shown to stabilize FGF2 oligomerization in
vitro (Steringer et al., 2012). FGF2 oligomers insert into the PM and form a pore (La Venuta et
al., 2015) (Steringer et al., 2012). Upon emergence from the plasma membrane, FGF2
oligomers are released into the extracellular space and bind to external heparan sulfate
proteoglycans. Bound FGF2 is a reservoir of external autocrine signals (reviewed in La Venuta
2015), (La Venuta et al., 2015).
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HIV-Tat
Unconventional secretion by direct translocation across the plasma membrane also
plays an important role in viral infection. The HIV transcription factor Tat is a virulence factor
that is unconventionally secreted. Once released from HIV infected cells, it can be taken up by
uninfected cells (Chang, Samaniego, Nair, Buonaguro, & Ensoli, 1997). HIV-Tat is released in a
PIP2-dependent manner, and like FGF2 it forms a pore in the membrane (similar to FGF2) then
binds externally located heparin sulfate (Chang et al., 1997) (Zeitler, Steringer, Möller, Mayer, &
Nickel, 2015). Thus, unconventional secretion has a role in infectious diseases.

Annexins

Annexins are a family of proteins (12 in vertebrates) that bind phospholipids in a
calcium-dependent manner, and have a variety of extracellular functions, such as activation of
G protein-coupled receptors, anti-coagulation, protection of the placental surface, and coating of
microvesicles (Schloer, Pajonczyk, & Rescher, 2018). Annexin translocation across the plasma
membrane is initiated by calcium-dependent membrane binding (Schloer et al., 2018).
Membrane remodeling is likely involved in annexin transport (Stewart et al., 2018). HeLa cells
treated with cinnamycin to induce phospholipid flipping increased annexin A2 and A5 exposure
on the surface, and a deletion for the scramblase TMEM16F (which translocates phospholipids
across monolayers of a phospholipid bilayer) prevented annexins A2 and A5 from translocating
to the cell surface (Stewart et al., 2018). Annexin A5 can also translocate across membranes of
liposomes (Popa et al., 2018)(Stewart et al., 2018). Annexin VI can form voltage gated ion
channels in artificial membranes under an acidic pH after undergoing a conformational change
(Golczak, Kicinska, Bandorowicz-pikula, & Buchet, 2001). Together these results suggest that
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unconventional secretion of annexins involve a conformational change, coupled with binding to
and remodeling the plasma membrane while forming a pore structure. Thus, annexin, Tat, and
FGF2 translocation may involve similar mechanisms.

Unconventional secretion through membrane-bound structures: endosomes,
autophagosomes, amphisomes, CUPS, and microvesicles.
There are three known mechanisms in which cytosolic proteins can be taken up into
membrane-bound organelles or structures for secretion: 1) entering the endolysosomal system
through incorporation into multivesicular bodies or lysosomes, 2) engulfment by
autophagosomes or autophagy derived structures such as amphisomes, and 3) secretion by
microvesicles pinching off of the plasma membrane (Figure 1). The mechanisms of secretion
through these pathways are discussed below. Also included are some examples of
unconventionally secreted proteins which are secreted by each process.
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A)

B)

Figure 1: MVB Uptake and secretion vs. degradation in the endolysosomal system.
A) Unconventional secretion by incorporation into vesicles. Squares: Cargo taken up into microvesicles. Triangles:
Cargo taken up into exosomes. Diamonds: Cargo taken up into autophagosomes.
B) Pathways to the lysosome/vacuole: Endocytosis and Autophagy. Endocytosis (blue). External membrane
proteins (orange squares) are enveloped into the ILV of MVBs by ESCRT dependent or independent pathways,
and digested in the vacuole after fusion. Membrane proteins on the cytosolic side of the plasma membrane are
taken up into intraluminal vesicles of an MVB prior to fusing with the vacuole. Autophagy (Orange) a PAS (preautophagosomal structure) expands around proteins (diamonds) upon starvation and matures into an
autophagosome. Upon fusion with the vacuole/lysosome, the inner autophagosome and MVB membranes
degrade, exposing cargo to the vacuolar proteins for degradation.
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A)

B)

C)

Figure 2: Mechanisms of intraluminal vesicle formation
A) Cargo at the MVB surface is ubiquitinated, recruiting ESCRT-I and II to recruit ESCRT-III pinching
and scission. B) ESCRT-0 recruits Bro1 to recruit ESCRT-III. C) Syntenin-syndecan-ALIX recruitment
of Snf7 (ubiquitin independent)
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The endolysosomal system, incorporation of cytoplasmic proteins into multivesicular
bodies (MVB), and release as exosomes
Multivesicular bodies (late endosomes) are formed by the maturation of early
endosomes. Together they are key components of the endolysosomal system, which directs
endocytosis, recycling, and degradation of extracellular material and cell membrane
components. During maturation of MVBs, the membrane invaginates and captures cytosolic
proteins into vesicles that pinch off into the lumen of the MVB. The intraluminal vesicles have
two fates. They can be released as exosomes upon fusion of the MVB with the cell membrane.
Or, they can be digested upon fusion of the MVB with the vacuole (or lysosomes). Proteins
released in exosomes represent one class of unconventionally secreted proteins (Choi, Kim,
Kim, & Gho, 2013; Hessvik & Llorente, 2018)
The tetraspanins CD63 CD81, and CD9 have traditionally been considered exosome
markers (Hessvik et al., 2016; Jakobsen et al., 2015; Raposo & Stoorvogel, 2013; Willms et al.,
2016), and association with these markers was assumed to be an indicator of exosome cargo.
Although several proteins have been identified as exosomal cargo (Baietti et al., 2012; Clayton,
Turkes, Navabi, Mason, & Tabi, 2005; Willms et al., 2016), many such identifications are now in
question (Jeppesen et al., 2019).
Jeppesen and coworkers recently used very gentle, high resolution ultracentrifugation
and direct immunoaffinity capture to isolate exosomes and define their contents. Their analysis
distinguished classical exosomes from other extracellular vesicles. They showed that the
membrane of classical exosomes contains CD63, CD81, CD9, flotillin -1 and -2, EGFR, integrin
beta1 and alpha2, and Na/K ATPase. Proteins associated with the biogenesis of exosomes
include syntenin-1, ALIX, TSG101, and ARRDC1 (Jeppesen et al., 2019). Importantly, classical
exosomes lack metabolic enzymes, such as GAPDH, enolase 1, and pyruvate kinase M
previously thought to be exosomal cargo. The exosomes also lack annexin A1, A2, and V, but
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annexin VII and X1 are weakly associated with them. Rab7 is absent from classical exosomes,
but Rab11 and Rab27A are weakly associated with them. In addition, they lack certain
components of nucleosomes, autophagy, miRNA machinery, RNA-binding proteins, and the
cytoskeleton (Jeppesen et al., 2019). In summary, the limited number of components suggests
that cargo is specifically selected during classical exosome biogenesis.
It is known that both ubiquitin-dependent (S. Anand, Samuel, Kumar, & Mathivanan,
2019) and ubiquitin-independent (Baietti et al., 2012; Gauvreau et al., 2009) pathways can
generate and sort proteins into exosomes. Therefore, both mechanisms of ILV formation are
discussed below.

ILV generation at the MVB
An ensemble of ESCRT proteins are found in four ESCRT complexes that control the
formation of intraluminal vesicles (see table 1). Critically, these all lead to the assembly of
ESCRT-III, whose polymerization promotes membrane constriction and eventual vesicle fission
with the assistance of the AAA ATPase vacuolar protein-associating sorting 4 (Vps4).
For ubiquitin-dependent ILV formation, membrane-bound endosomal proteins are marked
for degradation by ubiquitination of their cytosolic domains (Ahmed, Akram, Iqbal, & Munn,
2019). Ubiquitination serves as a binding signal for ESCRT protein assembly in fungi and
metazoans (Mosesso, Nagel, & Isono, 2019). Deubiquitinating enzymes such as Doa4 remove
ubiquitin before sorting is completed (Y. Kimura, Kawawaki, Kakiyama, Shimoda, & Tanaka,
2014), and the VPS4 complex leads to ESCRT-III disassembly (Schöneberg, Lee, Iwasa, &
Hurley, 2016).
Several models suggest ESCRT assembly occurs both sequentially (ESCRT-0 assembles
ESCRT I & II) prior to ESCRT-III polymerization (Henne, Buchkovich, & Emr, 2011) or in parallel
pathways (Tang et al., 2016) discussed below. ESCRT-0 binds ubiquitinated cargo, as well as
endosome-specific phosphatidylinositol 3-phosphate (PI3P) (Henne et al., 2011), and in yeast
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ESCRT-0 and then recruits Bro1 (mammalian ALIX), which can directly activate the ESCRT-III
protein Snf7 to polymerize, deform endosomal membranes, and lead to ILV formation (Figure 2
B) (Tang et al., 2016). ESCRT-III can also be recruited through ESCRT-I and II in a parallel
pathway (figure 2 A) by binding ubiquitinated proteins (Tang et al., 2016). Here, ESCRT-II binds
PI3P (Feyder, De Craene, Bär, Bertazzi, & Friant, 2015), and ESCRT-II’s two Vps25 subunits
activate ESCRT-III oligimerization (Teis, Saksena, Judson, & Emr, 2010).
In the ubiquitin-independent pathway, membrane cargo (e.g. syndecan) can be selectively
recruited into ILVs by syntenin, an adaptor for recruiting ALIX (Baietti et al., 2012). Membrane
cargo marked with ALIX leads to assembly of ESCRT-III, and the process membrane
constriction and vesicle fission proceeds as described above (Baietti et al., 2012). Syntenin can
also bind tetraspanins such as CD63, but this is not required for exosome biogenesis (Friand,
David, & Zimmermann, 2015). In addition, the enrichment of ceramide in microdomains of
endosomal membranes (April et al., 2008) and phosphatidic acid (Friand et al., 2015; Ghossoub
et al., 2014) promotes negative membrane curvature.
Some intraluminal vesicles of MVBs are released as exosomes after MVBs are
transported to the cell membrane along microtubules. With the assistance of Rab proteins,
actin, and SNAREs, MVBs fuse with the cell membrane and the exosomes are released into the
extracellular milieu (Figure 2C) (Hessvik & Llorente, 2018).
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Table 2 ESCRT complex components in yeast and mammals
Complex
name

Yeast
names

Mammalian
Names

Function in ILV biogenesis

ESCRT-0

Hse1
Vps27

Stam1/2
HRS

ESCRT-I

Vps23
Vps28
Vps37
Mvb12

TSG101
hVps28
Vps37
MVB12

Binds phosphatidylinositol -3-phosphate of the multivesicular
body outer leaflet (Slagsvold, Pattni, Malerød, & Stenmark,
2006) and ubiquitin (Mosesso et al., 2019)
Recruits Bro1 (ALIX), leading to localized assembly of the
ESCRT-III in yeast (Tang et al., 2016).
Binds ubiquitinated proteins on the surface of the MVB and
deform membranes for other proteins to bind, but don’t form
buds (Schöneberg et al., 2016).

ESCRT-II

Vps36
Vps22
Vps25

EAP45
EAP30
EAP20

ESCRTIII

Vps20
Snf7
Vps24
Vps2

CHMP6
CHMP4
CHMP3
CHMP2

VPS4

Vps4
Vps60
Vta1

SKD1
CHMP5
LIP5

ALIX/
Bro1

Bro1

ALIX

Binds ubiquitinated proteins on the surface of the MVB,
ESCRT-I (Schöneberg et al., 2016) and PI3P (Feyder et al.,
2015), Vps25 activates the Vps20 subunit of ESCRT-III (Teis
et al., 2010)
ESCRT-III monomers such as Snf7 are recruited and
activated by upstream effectors, and polymerize to deform
membranes. Snf7 exists in two conformations- a closed
conformation associated with the cytosol, and an open, active
conformation which binds membranes and polymerizes
(Schöneberg et al., 2016). Snf7 can be activated by Vps20
through Vps25 (ESCRT-II) (Teis et al., 2010) or directly by
Bro1 (Tang et al., 2016) (Wemmer et al., 2011)
ESCRT-III is disassembled and recycled to the cytosol by the
Vps4 complex consisting of the hexameric, pore forming
AAA+ Atpase (Schöneberg et al., 2016).
Auxillary component of the ESCRT system. Recruits ESCRTIII for budding and scission (Tang et al., 2016) (Wemmer et
al., 2011). Utilized to generate “classical exosomes”
(Jeppesen et al., 2019)(discussed below) by binding
syndecan-syntenins in mammals (Baietti et al., 2012; Friand
et al., 2015)

Alternate pathways to an ILV, vacuole, or lysosome.
MVBs fusing with each other or vacuoles can also generate ILVs at points of docking
and fusion, and proteins can become selectively sequestered into these ILVs. This process is
called the Intraluminal Fragment pathway (Mattie, Mcnally, Karim, & Vali, 2017) (Mcnally &
Brett, 2018). Notably, this process is ESCRT-independent (Mcnally & Brett, 2018). Vacuolar
membrane can invaginate inwards to capture cytosolic proteins into in intravacuolar membrane
during microautophagy (Reggiori & Klionsky, 2013). Proteins sequestered into vacuolar ILVs
during microautophagy or the Intraluminal Fragment pathway have not yet been linked to
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secretion. Although the vacuole (and lysosome) are generally considered terminal
compartments for proteins, in metazoans lysosomes can fuse with the plasma membrane (S. C.
Li & Kane, 2009) and is implicated in FABP4 secretion..

FABP4 secretion
One example of a protein that is secreted through a lysosome is FABP4. FABP4 is a
fatty acid binding proteins, a type of intracellular lipid chaperones which binds hydrophobic
ligands. Elevated intracellular and secreted FABP4 is linked to type 2 diabetes and several
cardiovascular diseases (Furuhashi, Saitoh, Shimamoto, & Miura, 2014). FABP4 lacks a signal
sequence, and FABP4 secretion is stimulated by lipolysis mediated signaling (Mita et al., 2015).
Mammalian FABP4 enters endosome and lysosome compartments, and is secreted as
lysosomes fuse with the plasma membrane (Villeneuve et al., 2018). FABP4 secretion is
independent of Tsg101 (ESCRT-0) and Hrs (ESCRT-I), so it does not enter the lysosome
through canonical ILV formation at the MVB surface (Villeneuve et al., 2018).
Some proteins enter lysosomes through an autophagosome (discussed below). FABP4
secretion is blocked in the absence of autophagy related protein Beclin-1 (Atg6) and Sirtuin-1
signaling (Josephrajan et al., 2019). However, canonical autophagosome formation is
dispensable for FABP4 secretion (Villeneuve et al., 2018) and Atg6 plays a role in endosomal
traffic (Cao & Klionsky, 2007). Taken together, FABP4 enters a lysosome in an autophagy and
ESCRT independent pathway.
Interestingly, FABP4 is released in a non-vesicular form, in contrast to exosomal
proteins which are still encapsulated by a membrane upon secretion. This suggest FABP4 is
translocated directly into the lumen of an organelle rather than being sequestered into an ILV.
However the mechanism of translocation into the lumen of an organelle is not characterized
(Villeneuve et al., 2018).
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Secretion through autophagosomes and amphisomes

Autophagosomes are double-membrane organelles that capture other organelles and
large areas of cytoplasm and deliver them to vacuoles (lysosomes). They form during
autophagy, the complex process for breaking down cellular components upon starvation. In
addition to their role in autophagy, molecular components of autophagosomes have been critical
for some models of unconventional secretion (Duran, Anjard, Stefan, Loomis, & Malhotra,
2010),(Bruns, Mccaffery, Curwin, Duran, & Malhotra, 2011),(Cruz-Garcia et al., 2014), and
unconventionally secreted cargo such as IL-1β is localized in autophagosomes (M. Zhang,
Kenny, Ge, Xu, & Schekman, 2015). These components (Atg proteins) assemble at a vesicular
structured called a phagophore, sometimes called a pre-autophagosomal structure, or
phagophore assembly site (PAS) (Fader & Colombo, 2006; Tanida, Ueno, & Kominami, 2004).
The PAS expands to form an autophagosome upon starvation (Reggiori & Klionsky, 2013).

Autophagosomes sometimes fuse with multivesicular bodies to form a structure called
an amphisome (Klionsky, Eskelinen, & Deretic, 2014). Amphisomes can fuse with the plasma
membrane and deliver cargo to the external environment (Jeppesen et al., 2019). Amphisomes
have been observed in a wide range of conditions where autophagosomes develop, and are a
major source of unconventional protein secretion. In mammalian cells, the autophagy proteins
p62 and LC3B were found in the same structure as CD63 (Jeppesen et al., 2019). Amphisomes
observed in this system also contained double stranded DNA, and fused with the plasma
membrane (Jeppesen et al., 2019). However, cargo released lacked the MVB marker CD63
and autophagosome marker LC3B (Jeppesen et al., 2019). One model suggests the
intraluminal vesicle of amphisomes degrades, and amphisomes fusing with the plasma
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membrane are released as free proteins (figure 1). The protein Park7 (also known as DJ-1, a
paralog of Hsp31-34 in yeast) is secreted under conditions where amphisomes form (Urano et
al., 2018), and amphisomes are linked to extracellular vesicle formation (Ao, Zou, & Wu, 2014;
Hessvik et al., 2016; Jeppesen et al., 2019). Amphisome formation is linked to unconventional
protein secretion, but it is not yet clear what causes amphisomes to fuse with the plasma
membrane.

IL-1
IL-1 is a cytokine that is processed from pro IL-1β to a mature state by caspase-1, upon
inflammation and subsequently released from cells. In macrophages, an inflammasome leads to
IL-1 being externalized by plasma membrane permeabilization (pyroptosis) (Martin-Sanchez et
al., 2016).
IL-1 is also unconventionally secreted from macrophages upon starvation in a process
that involves autophagy without compromising the PM. Autophagy-mediated secretion was
initially described in macrophages, and requires Atg5 (Dupont et al., 2011). However
unconventional secretion of IL-1β can be modeled in non-macrophage cell lines as well. Human
embryonic kidney cells (HEK293T) co-expressing pro-IL-1 and pro-caspase1 (pre-interleukin
1β convertase) secrete mature IL-1 (M. Zhang et al., 2015). Nutrient starvation and
pharmacological induction of autophagy can recruit the cytokine IL1- to an LC3 positive
structure (Dupont et al., 2011), and pharmacological inhibition of autophagy blocks IL-1
secretion (M. Zhang et al., 2015). Therefore, there exists an autophagy-dependent
inflammasome-independent mechanism of IL-1 secretion.

Kimura et al (2017) present a model to explain secretory autophagy in THP-1 cells,
which model macrophages. An activated inflammasome leads to caspase-1 maturation and
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processing of pro-IL-1β into a mature form. Mature IL-1β binds Sec22b membranes through
TRIM, a specialized cargo receptor. This complex is recruited to LC3-II positive membranes,
which mature into autophagosomes. Finally, autophagosomes fuse with the plasma membrane
assisted by syntaxin 3 & 4 (T. Kimura et al., 2017).
This mechanism of IL-1 secretion requires components of the MVB-ILV biogenesis
pathway. IL-1 secretion utilizes the ESCRT-I protein Tsg101 and ESCRT-0 Hrs (M. Zhang et
al., 2015). Additionally, it is detected with the same compartment as an endosomal form of
cathepsin D (Andrei et al., 1999). Finally, Hsp90 plays a role in forming exosome-like
extracellular vesicles (Lauwers et al., 2018) and IL-1 co-immunoprecipitates with Hsp90 upon
starvation (M. Zhang et al., 2015). Together, the involvement of Atg5 and LC3 (Dupont et al.,
2011) with the colocalization of endosomal cathepsin D (Andrei et al., 1999) suggests IL1-
secretion occurs through an autophagosome or amphisome, as suggested by Zhang et al (M.
Zhang et al., 2015).
Interestingly, IL-1β is sequestered into an autophagosome that evades lysosomal
degradation. Generally, autophagosomes and autophagosome-derived structures fuse with the
vacuole/lysosome to degrade their cargo (Wen & Klionsky, 2016). The endocyotic tether HOPS
works with syntaxin-17 to fuse autophagosomes with the vacuole (Jiang, Nishimura, Sakamaki,
Itakura, & Hatta, 2014) (Balderhaar & Ungermann, 2013). However, knocking down syntaxin-17
does not alter IL-1β secretion (T. Kimura et al., 2017).

Histone H3

Histones H3 is unconventionally secreted through amphisomes. Chromatin can be taken
up into autophagosomes and is found within the same structure as the autophagy marker LC3
(Dou et al., 2015; Jeppesen et al., 2019). However, Jeppesen et al. (2019) also observed that
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many of the same LC3 structures which contain chromatin also contained the MVB tetraspanin
CD63, and were therefore amphisomes. Additionally, LC3-CD63 positive amphisomes were
observed to fuse with the PM, emptying their luminal contents (Jeppesen et al., 2019).

Jeppesen et al. (2019) also demonstrated that chromatin is found within the lumen of
CD63 amphisomes but not located within an ILV. Jeppesen et al. (2019) found that histone H3
is secreted in a nonvesicular form, and is therefore not exosomal (Jeppesen et al., 2019). This
can be explained as the inner autophagosomal membrane degrades in a mature
autophagosome or amphisome, while ILVs such as exosomes retain their membranes in
amphisomes (see figure 1) (Jeppesen et al., 2019; Tsuboama et al., 2016; Zhao & Zhang,
2019).
Therefore, Histone H3 secretion proceeds as follows: Histone H3 is taken up into an LC3
positive autophagosome, the autophagosome matures and its inner membrane degrades, the
autophagosome fuses with CD63 positive endosomes to form an amphisome, and the
amphisome fuses with the plasma membrane (figure 1A) (Jeppesen et al., 2019).

Enterovirus export through secretory autophagy

Enteroviruses are released through autophagy (Mutsafi & Altan-bonnet, 2018).
Poliovirus capsids colocalize to LC3-II in mammalian cells and are released in
phosphatidylserine-rich vesicles, while host cells remain impermeable to trypan blue and are not
simply lysed (Chen et al., 2015). Interestingly, autophagosomes containing viruses appear to be
sorted to the PM rather than the lysosome, and lacked Syntaxin17 (a SNARE for fusing with the
lysosome) (Chen et al., 2015). Therefore, secretory autophagy is a process that is clinically
relevant as a mechanism of viral infection, and studying the mechanism of viral sorting may
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shed light on how unconventionally secreted proteins are sorted to the plasma membrane rather
than to the lysosome.

CUPS

In yeast, two model proteins (discussed below) are unconventionally secreted through a
distinct compartment called CUPS (compartment for unconventional protein secretion). Nutrient
starvation, autophagy genes and MVB components are required for unconventional protein
secretion through CUPS (Duran et al., 2010). However, CUPS is not a canonical
autophagosome or MVB (Cruz-Garcia et al., 2014) (Curvin et al., 2016) (Cruz-Garcia, Malhotra,
& Curwin, 2018). Rather, CUPS is derived from ER, Golgi and endosomal membranes which
are remodeled in the absence of glucose (Cruz-Garcia et al., 2014).

CUPS formation can be traced by tracking the Golgi protein Grh1 (a homologue of the
mammalian Golgi protein GRASP55 and GRASP65) after starvation. Within 30 minutes, GRH1
migrates from ER exit sites and the early Golgi to several distinct foci, which are recognized to
be CUPS (Bruns et al., 2011) (Cruz-Garcia et al., 2014). TEM shows CUPS is initially comprised
of tubules and small vesicles, and is later stabilized by engulfment of ESCRT-III coated
saccules (Curvin et al., 2016).

Acb1

Acb1 (Acyl-CoA-binding protein) is unconventionally secreted from S. cerevisiae via
CUPS upon nitrogen and glucose starvation (Duran et al., 2010) (Curvin et al., 2016). Abc1 is a
homologue of the Dictyostelium discoideum protein AcbA, which is unconventionally secreted
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and processed into a signal to initiate prospore encapsulation. Acb1 secreted from S. cerevisiae
can activate D. discoideum encapsulation, enabling a functional screen of Acb1 secretion.
Acb1 secretion requires several autophagy proteins (Atg5, Atg7, Atg8, and Atg12), the
Golgi protein Grh1, and the ESCRT-I Vps23 (Duran et al., 2010) and the ESCRT-III Snf7
(Curvin et al., 2016). In starvation media, Abc1 is recruited to CUPS, becomes engulfed within
saccules, and the mature encapsulated structure is stabilized by Snf7 (Curvin et al., 2016).
Abc1 secretion also requires Sso1, a plasma membrane t-SNARE (Duran et al., 2010)
suggesting the stabilized form of CUPS or a derivative directly fuses with the plasma
membrane.

Sod1

Human SOD1 (superoxide dismutase 1) is a protein associated with ALS (amyotrophic lateral
sclerosis). SOD1 lacks a signal sequence and is associated with exosomes (Basso et al., 2013).
Overexpressing SOD1 in mouse astrocytes can stimulate exosome release, and overexpressing
a familial mutant (SOD1G93A) can modulate exosome content (Basso et al., 2013). S. cerevisiae
also express a form of Sod1 that lacks a signal sequence. Nutrient starved S. cerevisiae
unconventionally secrete SOD1 to the cell wall (D. C. Garcia, Brouwers, Duran, Mora, & Curwin,
2016). Yeast SOD1 follows a similar secretion pathway to Acb1 and requires the Golgi/CUPS
associated protein Grh1, ESCRT-I Vps23, and ESCRT-III Snf7(D. C. Garcia et al., 2016). A
G93A-equivalent mutation to the yeast genomic copy of SOD1 did not block its secretion.

Microvesicles
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Microvesicles are vesicles which are shed directly from the plasma membrane and
contain unconventionally secreted cargo. Microvesicle formation requires the plasma membrane
to pinch outwards, in a mechanism similar to viral budding. Cytosolic proteins may become
unconventionally secreted if they are recruited into microvesicles as they form (figure 1).

Characteristics of microvesicles

Microvesicles are traditionally differentiated from exosomes by their size (Oliveira et al.,
2010), (Bello-morales, Praena, Nuez, Rejas, & Guerra, 2018), (Choi et al., 2013), (Niel, Angelo,
& Raposo, 2018). Microvesicles are typically 50-1000 nm (Niel et al., 2018) while exosomes are
typically between 30 to 150 nm (Niel et al., 2018)(Meldolesi, 2018).

There are some molecular markers for microvesicles. When large microvesicles were
isolated by size only, they contained the ER protein GP96 (also known as GRP94, a
mammalian form of Hsp90 found in the ER), while smaller exosome vesicles did not, suggesting
GP96 is a microvesicle marker (Kowal et al., 2016). However, microvesicles are heterogenous.
When microvesicles were immune-isolated, distinct subpopulations contained either ARRDC1
(arrestin domain containing protein 1), and TSG101, or Annexin A1, ARF6, and annexin A2
(Jeppesen et al., 2019). Notably, TSG101 is found in small extracellular vesicles (40-100nm)
(Jeppesen et al., 2019), which had previously been assumed to be an exosome component
based on size (Kowal et al., 2016). The number of classes of microvesicles suggests they are
formed by multiple pathways.

There are several factors which can stimulate the release of microvesicles from the
plasma membrane. Mammalian cells treated with the viral proteins HIV-1 R5, X4 gp120, and Tat
increase extracellular vesicles, and the extracellular vesicles induce inflammation, oxidative
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stress and senescence in other cells (Hijmans et al., 2019). However it is not clear if these were
microvesicles shed from the plasma membrane or vesicles generated by other means, as they
were not sorted by size, or more importantly, markers (Jeppesen et al., 2019). Deleting the
ESCRT Snf7 in S. cerevisiae increases both microvesicle and exosome size (Oliveira et al.,
2010), implicating ESCRTs in microvesicle formation.

A)

B)

Figure 3 Two mechanisms of microvesicle shedding.
A) classical microvesicles, formed by 1) translocation of phosphatidylserine to the outer
leaflet and deformation of the PM, 2) stimulation of MLCK by either Arf6/ERK (2a) or
RhoA/Rock (2b) (B. Li, Antonyak, Zhang, & Cerione, 2012). This leads to actin-myosin
mediated vesicle scission.B) ARMM microvesicle formation by Tsg101, ESCRT-III, and Vps4
disassembly.
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Models of microvesicle formation

There are several models of microvesicle formation derived from studying mammalian
cells such as erythrocytes and cancer cells. In general, they each involve the plasma membrane
deforming, and a membrane scission step to release the microvesicle.

One mechanism of microvesicle formation is similar to blebbing, where the cytoskeleton
adjacent to the PM is disassembled, phosphatidylserine translocates to the outer leaflet at the
site of microvesicle shedding, causing the plasma membrane to bulge (Kalra, Drummen, &
Mathivanan, 2016). This process is linked directly to Ca2+ signaling (Pollet, Conrard, Cloos, &
Tyteca, 2018). Finally, signaling cascades localized at the microvesicle budding area leads to
membrane scission through activation of myosin light chain kinase (MLCK) and subsequent
actin-myosin contraction (Figure 4A). Two distinct signaling pathways are known to activate
MLCK and release microvesicles. Arf6 activates phospholipase D, ERK, and MLCK (Kalra et al.,
2016; Muralidharan-Chari et al., 2009; Pollet et al., 2018) or RhoA-ROCK mediated signaling of
MLCK (in an Arf6 independent manner) (B. Li et al., 2012). Microvesicles released in this
manner are sometimes simply called microvesicles or “classical microvesicles” (Jeppesen et al.,
2019).

A second population of microvesicles exists, called ARMM microvesicles, or ARMMs
(Jeppesen et al., 2019)(Nabhan, Hu, Oh, Cohen, & Lu, 2012). These microvesicles are shed by
an ESCRT-mediated mechanism. In short, the ubiquitin ligase adapter protein ARRDC1
recruits the ESCRT-I TSG101 (Vps23 in S. cerevisiae) to the PM (Pollet et al., 2018). TSG101
recruits ESCRT-III, leading to the PM pinching away from the cytosol to generate a
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microvesicle. Finally, Vps4 is recruited to the PM, disassembles ESCRT-III, and mediates
membrane scission (Pollet et al., 2018) (Figure 4B).

Microvesicle cargo
Some microvesicles contain clinically important cargo. During inflammation, induction of
an NLRP3 inflammasome leads to sorting FADD (Fas-associated protein with death domain)
into microvesicles (Mouasni et al., 2019). Oncogenic fibroblasts release microvesicles
containing FAK (focal adhesion kinase), and the microvesicles promoted anchorage
independent growth in non-oncogenic fibroblasts (Kreger, Dougherty, Greene, Cerione, &
Antonyak, 2016).

Microvesicles are also a vector for viral export. Human oligodendrocytes infected with
Herpes-1 virus shed microvesicles containing infectious virions (Bello-morales et al., 2018).
Viruses also hijack host-cell machinery to generate microvesicles. HIV Gag and Ebola EvVp40
contain amino acid sequences that mimic ARRDC1’s binding site for TSG101, recruit ESCRT
proteins at the plasma membrane and generate viral buds (J. Martin-Serrano, Zang, & Bieniasz,
2001; Juan Martin-Serrano, Yaravoy, Perez-Caballero, & Bieniasz, 2003) Thus, microvesicles
can contain infectious cargo, and microvesicle generation is an important step in virulence.

Secreted proteins which are not associated with vesicles
As the secretome of cells was analyzed, it became apparent that many cytosolic proteins
are unconventionally secreted in a form that is not enclosed in lipid bilayer vesicles (Jeppesen
et al., 2019; H. Zhang et al., 2018). These can be placed into two categories: Proteins released
in a soluble (or non-aggregated) form, including proteins discussed above such as IL-1β, afactor, histones, and Acb1), and proteins secreted as distinct clusters of newly characterized

30

nanoparticles called exomeres (H. Zhang et al., 2018), discussed below. How proteins can be
secreted in one form and not the other is not clear at this time.

Protein secretion into non-vesicular exomeres
Exomeres are nonvesicular nanoparticles, usually less than 50 nm (H. Zhang et al., 2018).
Abundant markers for exomeres are Hsp90 (H. Zhang et al., 2018) and HSPA13 (Jeppesen et
al., 2019). Exomeres have distinct protein composition and are enriched for extracellular matrix
and proteasome components (H. Zhang et al., 2018), as well as metabolic proteins such as
hexokinase and glucose-6-phosphate isomerase, as well as nucleotide binding proteins such as
Argonaut and APP (Q. Zhang et al., 2019). While there is no lipid bilayer in an exomere, it does
contain trace amounts of lipids common to microvesicles including sterols enriched for esterified
cholesterols (Q. Zhang et al., 2019).
Exomeres and other non-vesicular proteins are rich in glycolytic proteins and heat shock
proteins. Many are considered moonlighting proteins and can take on additional roles outside of
both mammalian cells (Takaoka et al., 2014) (Sheokand et al., 2013) and yeast (Patrícia Branco
et al., 2014; Gozalbo et al., 1998). Exomeres also contain functional proteins and can modify
external proteins and act as a signal. St6gal (-galactoside 2,6-sialyltransferase 1) in the
exomere is functional, and modifies N-glycosylated proteins of recipient cells in culture (Q.
Zhang et al., 2019). Exomeres also contain a variety of metabolic proteins such as GAPDH,
pyruvate kinase, and enolase (Jeppesen et al., 2019). Currently, the origins of exomeres remain
unknown.
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Figure 4: Types of extracellular vesicles, nanoparticles, and proteins released from
membrane bound organelles of mammalian cells.
A) Classical and non-classical exosomes (vesicles derived from the MVB). B)
Microvesicles and ARMM vesicles (Derived from pinching off of PM). C) Non vesicular
nanoparticles and proteins.
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Table 3: Selected Unconventionally Secreted Proteins and Likely Mechanisms of
Secretion
Protein
Name

Organism or
cell type

a-factor
Acb1

S. cerevisiae
S. cerevisiae

Annexins AI,
AII, and V
Engrailed

Mammals

Enolase

Drosophila
melanogaster
Chicken
Yeast
Mammals

Likely Method(s) of
Unconventional
Secretion
Protein transporter
CUPS

Direct translocation across
membrane
Vesicular
Endolysosomal system

FABP4

Mammalian
adipocytes

Secretory endosomes and
lysosomes

FGF1

Mammals

Direct translocation

FGF2

Mammals

Direct translocation

Galectin

Yeast, mammals

Not well characterized.

GAPDH

Yeast,
Xenopus mammals

Not well characterized

HASPB

Leishmania sp.

Not well characterized

Histones
HIV TAT

Mammals
Viral/ Mammal

HMGB1

Mammals

Amphisome
Passage through
membrane
Endolysosomal system

Hsp70/ Hsc70
Hsp90

Yeast,
Mammals
Mammals

IL1- 

Mammals

Endolysosomal system
Not clear, found in
vesicles, but also enriched
in exomere
Autophagosome or
Amphisome fusion with the
PM
Microvesicles &
permeabilization

Thioredoxin

Mammals

Not well characterized

Factors involved in secretion
Transported by ABC transporter Ste6 (McGrath & Varshavsky, 1989)
Secretion induced during nutrient starvation, blocked by deletions to
autophagy genes, ESCRT components, and plasma membrane SNARES
(Duran et al., 2010). Engulfed within Snf7-stabilized CUPS membranes
(Curvin et al., 2016)
Forms oligomer that can translocate across membranes of liposomes
(Popa et al., 2018)
5% of engrailed is secreted in vesicles. Secretion relies on a sequence in
its homeodomain, and is regulated by CK2 (Joliot et al., 1998) (Maizel et
al., 2002)
Small, non classical exosomal EV (Jeppesen et al., 2019). Secretion
mediated by SNARE TLG2 (Miura et al., 2012). Sequence specific
localization based on fusion protein studies. Likely secreted in vesicles as
secretion facilitated by Tlg2 (T-SNARE) fusion (Miura 2012)
Secreted upon treatment with lipolytic agonists such as forskolin or 3isobutyl-1methylxanthine. Secretion is independent of Tsg101 and Hrs
(ESCRT-0 and ESCRT-1) and released in a non-membrane bound form
(Villeneuve et al., 2018)
Destabilizes the acidic phospholipids of the plasma membrane (Graziani et
al., 2006). FGF1 folding impacts direct translocation across plasma
membrane (Prudovsky et al., 2016)
Interaction with ATP1A1, Tec kinase, followed by insertion into a PI(4,5)P2
PM, and emerging externally by binding heparin sulfate (La Venuta et al.,
2015) (Steringer et al., 2017)
When expressed in S. cerevisiae, secretion relied on NCE1 and NCE2
(Cleves, Cooper, Barondes, Kelly, & Francisco, 1996). Export mechanism
requires binding to β-galactosides (Seelenmeyer et al., 2005).
Exosome related in Xenopus (Jella et al., 2016)
Found in non-vesicular fractions, and CD81, CD63, and CD9 negative
exosomes of mammals (Jeppesen et al., 2019)
Trafficked to plasma membrane after acylation in Leismania major and
during expression in CHO cells (Stegmayer et al., 2005). Reaches outer
surface of plasma membrane in punctate regions (Maclean et al., 2012)
Colocalizes with autophagosome machinery (Jeppesen et al., 2019)
Translocation occurs in a PIP dependent manner. (Zeitler et al., 2015)
(Chang et al., 1997)
Secreted in vesicles (Gardella et al., 2002). During starvation, secreted by
autophagy (relies on Atg5) (Dupont et al., 2011)
Colocalizes with LAMP1 (Mambula & Calderwood, 2006). Associated with
extracellular vesicles in tumor cells (G. Zhang et al., 2017).
Found in exomere, as well as CD81, CD63 and CD9 negative exosomes
(Jeppesen et al., 2019). Mediates exosome release (Lauwers et al., 2018)
Relies on ESCRT-I protein Tsg101 (M. Zhang et al., 2015), ATG5 depletion
in macrophages decreases IL 1 secretion (Dupont et al., 2011) and
sediments with LC3 positive vesicles (M. Zhang et al., 2015). Sorted into
autophagosomes by binding TRIM16, and secreted in a syntaxin 3 and 4
dependent manner
Inflammasome mediated permeabilization (Martin-Sanchez et al., 2016),
and shed into microvesicles (Mackenzie et al., 2001)
Proinflammatory stimuli lead to thioredoxin-1 secretion. Not found to be
vesicular (Rubartellisg, Bajettos, Allavenaz, & Wollmanq, 1992)
(Plugis, Palanski, Weng, Albertelli, & Khosla, 2017)
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Is unconventional secretion frequently induced by stress?
Many proteins are unconventionally secreted upon cell stress (Table 4). IL-1 secretion
and ACB1 secretion rely on induction of autophagy. FGF1 is secreted following heat shock or
starvation, and histone secretion occurs through an amphisome after induction of autophagy.
Additionally, many heat shock proteins, such as Hsp90 are secreted into exosomes upon heat
shock (Clayton et al., 2005). While unconventional secretion of some proteins occurs under
normal conditions, (López-villar, Monteoliva, Larsen, & Sachon, 2006)(M. L. Delgado et al.,
2001)(Perumal, Gutierrez, & Xim, 2012)(H. Zhang et al., 2018), stresses seem to be a common
way to upregulate their release.

Table 4: Proteins Unconventionally Secreted After Stress
Protein
Name
ACB1

Organism

Inducer

Ref

Yeast

FGF1

Mammals

Nutrient starvation/
Autophagy
Heat shock

IL-1

Mammals

Autophagy/mTOR

Histones

Mammals

Autophagy

HMGB1

Mammals

LPS induction

Hsp90

Mammals

Heat Shock

(Duran et al., 2010)
(Malhotra, 2013)
(A. Jackson et al.,
1992)
(M. Zhang et al.,
2015)
(Jeppesen et al.,
2019)
(Gardella et al.,
2002)
(Clayton et al.,
2005)

Experimental analysis of non-conventional secretion

A protein is unconventionally secreted if it fulfills the following criteria:
1. Proteins that are unconventionally secreted should lack a signal sequence. The protein
should continue to be secreted after blocking the classical secretion pathway using sec

34

mutants in yeast, gene knockdown in mammalian cells, or drug treatment in mammalian
cells.
2. In the absence of the unconventional secretion mechanism classical secretion should
remain uninterrupted (classically secreted proteins such as invertase, or GPI anchored
adhesins should continue to be secreted).

To show a protein is unconventionally secreted by a specific transporter
3. The specific transporter should be identified, and the secreted protein should physically
interact with it. Genetic knockout or knockdown of a transporter should inhibit secretion. For
example, yeast with a ste6 loss of function mutation are sterile due to lack a-factor
secretion.

To show a protein is unconventionally secreted by translocating across the plasma
membrane, it should
4. Bind to the plasma membrane, (which often requires cofactors or other proteins), and
insertion into the PM (often linked to a membrane remodeling step).
5. Have the ability to enter or leave liposomes, or other model systems in vitro as
discussed/reviewed in Prudovsky (Prudovsky et al., 2013)

To show a protein is unconventionally secreted by entering the lumen of an MVB,
autophagosome, or amphisome
6. Secretion should involve the protein of interest colocalizing with either endosome or
autophagosome markers
7. Deleting or downregulating autophagy or endosome markers should alter secretion
8. Exosomal proteins of interest should be found in extracellular vesicles positive MVB markers
such as CD9, CD63, or CD81 in mammalian cells. Currently there are no comparable
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markers in fungal extracellular vesicles. However, the ESCRT proteins Hse1 and Vps27
(ESCRT-0) are found in fungal extracellular vesicles of C. albicans (Bielska & May, 2019).

To show a protein is unconventionally secreted by microvesicles
9. Proteins of interest should be released in a vesicle shedding from the plasma membrane.
Classical microvesicles will contain Annexin A1, and ARMM microvesicles will contain
ARRDC1 (Jeppesen et al., 2019). Microvesicle shedding can be imaged with transmission
electron microscopy, and microvesicles can be sorted from other extracellular vesicles using
high resolution centrifugation.
10. Association with vesicles of a certain diameter can be a useful tool but is not necessarily
reliable.

To show a protein is unconventionally secreted in exomeres or as a non-vesicular free
protein:
11. Exomeres should be isolated by size using a technique such as AF4 (asymmetric flow fieldflow fractionation) (H. Zhang et al., 2018), density gradient fractionation (Jeppesen et al.,
2019), or pelleting at high speed (Q. Zhang et al., 2019). Isolated nanoparticles should lack
a plasma membrane.
12. Free proteins should not be affiliated with membrane bound organelles upon release.

Summary and conclusion:
Most proteins which are secreted to the plasma membranes or to the extracellular space
in eukaryotes travel to the surface of cells by the classical secretion mechanism, but many
exceptions exist. Yeast a-factor is translocated across the plasma membrane by an ABC
transporter. Some proteins are able to interact with the plasma membrane and directly
translocate into the extracellular space without sorting into vesicles or vesicle bound organelles.
IL-1 alpha FGF1, FGF2, among others, are unconventionally secreted, and can translocate
across membranes.
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Additionally, cytosolic proteins are sorted into vesicles for unconventional protein
secretion. Unconventionally secreted proteins can be taken up into double membrane structures
such as MVBs and autophagosomes which secrete vesicular cargo upon fusing with the PM.
Unconventionally secreted proteins can also be secreted after being incorporated into
microvesicles shedding from the plasma membrane.
However, not all unconventionally secreted proteins are released in a vesicular form,
even if a key step in their secretion involves incorporation into a membrane-bound structure.
Proteins such as histones and FABP4 are sorted from the cytosol into a membrane-bound
organelle but secreted without being enclosed in a lipid bilayer.
There are many examples of unconventionally secreted proteins in a variety of
eukaryotes. Unconventionally secreted proteins are biologically functional outside of the cell and
their presence is not simply due to cell leakage. Many unconventionally proteins are released
due to stress, and their mechanisms of secretion are important biological processes to further
characterize.
Finally, mechanisms of unconventional secretion are clinically important. Proteins such
as IL-1β and FGF2 are cytokines and their secretion results in signaling. FABP4 secretion is
linked to diabetes and cardiovascular disease (Furuhashi et al., 2014) and studying its
mechanism of secretion can help develop treatments. Extracellular vesicles contribute to a
variety of pathologies (Cesselli et al., 2018) Microvesicles from cancer cells can be oncogenic,
and controlling either microvesicle generation or cargo can limit tumor growth (Kreger et al.,
2016; B. Li et al., 2012). During classical exosome biogenesis, ESCRT-III is recruited to the
MVB by the same protein motifs that viral proteins use at the PM to generate viral buds (Baietti
et al., 2012; Dussupt et al., 2009; Hurley & Odorizzi, 2012). Studying the mechanisms of
unconventional protein secretion is critical to developing treatments for diseases, and there are
many mechanisms of secretion that remain uncharacterized.
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Chapter 2: A Biochemical Analysis of Unconventionally Secreted Cell
Wall Enzymes
Michael Cohen

38

Abstract
Enzymes in the cell wall of yeasts are functional, dynamically expressed, and facilitate
survival after environmental stresses. In the model organism Saccharomyces cerevisiae, yeast
wall enzymology is an invaluable tool for determining how proteins are secreted. Enzymology
can be used for genetic screens to investigate secretion mechanisms. Model enzymes which
are secreted by the classical secretory pathway have been used for decades. These all contain
a signal peptide and are translocated to the wall by the endoplasmic reticulum and Golgi.
Some proteins without a signal peptide are still found in the cell wall, and are referred to
as unconventionally secreted proteins. Methods for investigating unconventional secretion are
currently underdeveloped, and we need approaches for systematic analysis. Therefore, we
have developed an enzymological approach to analyze unconventionally secreted enzymes in
yeast cell walls.
One enzyme that is unconventionally secreted from both yeast and mammals is GAPDH. In S.
cerevisiae, GAPDH constitutively externalized, and is enzymatically active. However, it is also
an abundant cytosolic protein, and methods are needed to ensure cytosolic contamination does
not interfere with genetic screens for secretion. Here we show GAPDH activity on the surface of
yeast is not a result of cytosolic contamination, demonstrate a method to selectively deactivate
externalized GAPDH, and monitor secretion as GAPDH emerges on the cell surface.
Additionally, we propose new conditions for extracting enzymatically active cell wall proteins
while avoiding cytosolic contamination.
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Introduction

Overview of cell wall structure, enzymes, and other proteins
The fungal cell walls of yeasts such as Saccharomyces cerevisiae and Candida albicans
consist of polysaccharides of β1,3 and β1,6 glucans, chitin, and various proteins. These cell wall
proteins help synthesize the wall, crosslink structural proteins, function as adhesins, and help S.
cerevisiae obtain nutrients, regulate metabolic activities, and perform other functions (Gonzalez,
Lipke, & Ovalle, 2009).
The dynamic nature of the fungal cell wall protects cells against environmental
challenges thanks to signaling receptors and cell wall remodeling enzymes. For example, CRH
family genes such as CRH1 and UTR2 encode transglycosidases which remodel the wall by
forming crosslinkages between chitin and β-glucan (Pardini et al., 2006)(Cabib, Blanco, Grau,
Rodríguez-Peña, & Arroyo, 2007). Crh family proteins are transcribed and secreted under stress
to protect the cell wall (Ene et al., 2015)(Klis, Boorsma, & De Groot, 2006)(Serrano, Martı, &
Casamayor, 2006). For example, the S. cerevisiae wall is slightly weakened alkaline
environments (Franc, 2003), and an elevated pH can activate the surface receptor Wsc1
(Serrano et al., 2006). Wsc1 activates the MAP kinase signaling effectors such as Slt2, leading
to transcription of genes involved in cell wall biogenesis and maintenance, including Crh1
(Serrano et al., 2006) (Klis et al., 2006). C. albicans challenged with osmotic stress can also
induce CRH1 transcription through additional signaling pathways, and this protects C. albicans
from death (Ene et al., 2015). Therefore, the interplay of signaling receptors and cell wall
remodeling enzymes can allow yeast species to strengthen their wall in times of nead.
Fungal species including S. cerevisiae and C. albicans also have cell wall proteins with
other functions, such as strengthening the wall (Ecker, Deutzmann, Lehle, Mrsa, & Tanner,
2006), and anchoring cells to substrates (Dranginis, Rauceo, Coronado, & Lipke, 2007). Many
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mannoproteins in the wall contain a modified GPI linkage which is covalently bound to βglucans, and disulfide linkages to other cell wall proteins, effectively strengthening the wall
(Orlean, 2012). Adhesins in the C. albicans cell wall bind host tissues (Fu et al., 1998) (Loza et
al., 2004) (Hoyer & Hecht, 2001)(de Groot, Bader, de Boer, Weig, & Chauhan, 2013) and
Flocculins on the S. cerevisiae wall are used for clumping together (Smukalla et al.,
2009)(Douglas, Li, Yang, & Dranginis, 2007)(Dranginis et al., 2007). S. cerevisiae are also an
industrially important organism, and can be engineered to display and anchor enzymes on the
cell wall for biofuel production(Tanaka & Kondo, 2015) and bioremediation (Kambe-Honjoh,
Ohsumi, Shimoi, Nakajima, & Kitamoto, 2000).

Methods to investigate secretion
A combination of enzymology and genetic screens can be used to elucidate pathways in
secretion. For example, this was famously used to determine components of the secretory
pathway (Novick et al., 1981). In short, temperature sensitive S. cerevisiae secretory mutants
were generated, and at non-permissive temperatures they showed defects in invertase and acid
phosphatase secretion (Novick & Schekman, 1979). Invertase was also used to estimate the
rate of secretion in S. cerevisiae since its synthesis can be induced by decreasing external
supplies of glucose, and famously, the order in which secreted proteins are modified and pass
through membrane-bound organelles (Novick et al., 1981).
Yeast can also be used to study unconventional protein secretion, where proteins which
lack a signal peptide exit cells without passing through the secretory system. S. cerevisiae
expressing the mammalian protein Galectin-1 could secrete it without using its classical
secretory system (Cleves et al., 1996), much like how it behaves in mammals (Hughes, 1999).
The mechanism of Acb1 secretion was studied in S. cerevisiae and genetic deletions were used
to determine that it is secreted by a mechanism that requires autophagy, Golgi proteins, as well
as endosome components (Duran et al., 2010). Acb1 however, is not a functional enzyme.
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Rather, it is secreted as a full length protein (Curvin et al., 2016) and processed into a small
peptide that is bioreactive with Dictyostelium discoideum (Duran et al., 2010).
GAPDH is an unconventionally secreted protein and is in the wall of both S. cerevisiae
(M. L. Delgado et al., 2001) (L. Delgado, Gil, & Gozalbo, 2003) (Giardina & Chiang,
2013)(Braconi et al., 2011) C. albicans(Chaffin, 2008)(Gil-bona, Amador-garcía, Gil, &
Monteoliva, 2017) (Gil-Navarro et al., 1997), Paracoccidiodides brasiliensis (Barbosa et al.,
2006), and is also secreted from mammalian cells in culture (Chauhan et al., 2017) (Sheokand
et al., 2013) (Griffiths & Shaw, 1977). Like many glycolytic proteins, GAPDH is a moonlighting
protein with additional roles both within the cell (Ringel et al., 2013) (Tisdale, Kelly, & Artalejo,
2004) and externally; In C. albicans cell wall GAPDH binds fibronectin (Gozalbo et al., 1998),
and in S. cerevisiae its secreted form is cleaved into antimicrobial peptides(Patrícia Branco et
al., 2014) (Patricia Branco et al., 2017). While it has long been characterized as a cell wall
component in yeast species, its mechanism of secretion remains elusive.
In S. cerevisiae, there are 3 partially redundant GAPDH genes, encoded by TDH1,
TDH2, and TDH3, and each gene product has a different level of specific activity (McAlister &
Holland, 1985). A Δtdh2 Δtdh3 double deletion is not viable (M. L. Delgado et al., 2001), and
TDH1 is mainly expressed during logarithmic growth(Boucherié, Bataille, Fitch, Perrot, & Tuite,
1995). All three isoforms are enzymatically active in the S. cerevisiae wall (M. L. Delgado et al.,
2001) and its mechanism of secretion can (in theory) be studied with yeast genetics and
enzymological screens. However, to elucidate its mechanism of secretion, its rate of secretion
needs to be characterized.

Analysis of secretion to the cell wall
Much of the yeast wall proteome has been studied from mass spectrometry studies.
Surface proteins are identified by ‘shaving’ wall proteins (cleaving surface proteins with trypsin),
collecting released fragments and identifying them by mass spectrometry. These can identify
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unconventionally secreted glycolytic proteins such as Enolase and GAPDH, as well as cytosolic
chaperones such as Ssa1, and Ssa2 in both S. cerevisiae (Braconi et al., 2011) and C. albicans
(Gil-bona et al., 2017; Perumal et al., 2012)
The alternative to ‘shaving’ yeast is to extract intact proteins from the cell wall for further
analysis. There are three general methods for extracting cell wall proteins for further analysis in
vitro; [1] Lysing yeast, obtaining a pellet of insoluble cell walls, washing the pellet of wall
material and liberating the proteins with SDS, reducing agents, and enzymes (Klis, Priem, &
Munnik, 1990), [2] releasing proteins from intact yeast with reducing agents to break disulfides
(Manuel Casanova & Chaffin, 1992; Cleves et al., 1996; Giardina, Stanley, & Chiang, 2014;
Perumal et al., 2012), or [3] releasing wall components with glucanases and proteases
(Kitamura & Yamamoto, 1981; Lu, Kurjan, & Lipke, 1994; Scott & Schekman, 1980). However, if
one’s goal is to show that the protein analyzed is only found at the yeast surface, each of these
strategies have shortcomings. When extracting protein from cell walls which had cytosol
removed, there is always a chance some remaining cytosolic protein will contaminate samples.
Reducing agents needed to release proteins in the wall by breaking disulfides may permeabilize
the plasma membrane, contaminating samples with cytosolic proteins (Curvin et al., 2016).
Alternatively, enzymatically digesting the wall can release cytoplasmic material through
spheroplast leakage. Finally, proteins liberated from wall fractions with SDS are rendered
biochemically inactive and further analysis must be performed with immunostaining or mass
spectroscopy.
We are interested in studying unconventional secretion of proteins such as GAPDH
using an enzymology approach. However, GAPDH is abundant in cytosol, there is a critical
need to obtain cell wall extracts while avoiding cytosolic contamination. There is also a need to
extract cell wall proteins denaturing them.
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Results

Enzymatic assays can show defects in classical secretion of cell wall proteins
We first used cell wall invertase activity to model defects in a secretion pathway.
Previously, a connection between cytosolic chaperone deletions and classically secreted
proteins was observed while expressing C. albicans gene ALS5 (which codes for a cell wall
adhesin) in S. cerevisiae. Homozygous chaperones deletions led to attenuated levels of Als5 on
the cell wall (Rauceo lab, data not published). It was possible the chaperone deletions led to
defects in the classical secretory pathway. We reasoned that if chaperone deletions were
resulting in defects in the classical secretory pathway, they would also result in defects in cell
wall invertase activity.
Invertase is a soluble enzyme secreted to the S. cerevisiae wall, with two isoenzymes,
an internal dimer and an external oligomer that is stabilized by glycosylation (Kern, Schulke,
Schmid, & Jaenicke, 1992). Invertase is translocated to the ER by the co-translational
translocation pathway (Rothe & Lehle, 1998) before being glycosylated in the ER and Golgi
(Kern et al., 1992) and secreted into the wall where it is held in place by mannoproteins
(Sommer & Lewis, 1971). Invertase breaks sucrose into glucose and fructose, and S. cerevisiae
require external invertase to support growth where sucrose is the only carbon source (Lópezvillar et al., 2006).
To test invertase levels at the cell surface in yeast lacking chaperones, S. cerevisiae
with homozygous chaperone deletions were incubated in a citrate buffer containing sucrose for
30 minutes. We then pelleted the cells and measured reducing sugar in the supernatant with
tetrazolium blue (Jue & Lipke, 1985). Yeast with deletions to either Δscj11, Δssa2, Δssa1, and
Δhjl1 had decreased cell wall invertase levels by over 60% (figure 1.1). Interestingly, an Δsse1
deletion did not alter cell surface invertase, even though its deletion altered Als5 expression.
Therefore, chaperone deletions don’t affect all secreted proteins equally.
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Finally, we wanted to see if expressing Als5 could also lead to defects in the secretory
system. Als5 contains amyloid forming sequences, which can cause stress from insoluble
inclusions normally alleviated by chaperones. S. cerevisiae are able to secrete amyloid forming
proteins such as Flocculins (Bayly, Douglas, Pretorius, Bauer, & Dranginis, 2005; Douglas et al.,
2007; Dranginis et al., 2007) and Adhesins from similar yeast species such as C. albicans Als5
(Alsteens, Garcia, Lipke, & Dufrêne, 2010; M. C. Garcia et al., 2011; Hoyer & Hecht, 2001;
Ramsook et al., 2010), and Als1 (Fu et al., 1998; Ho et al., 2019). However, the presence of an
amyloid sequence does decrease the amount of Als5 released to the surface (M. C. Garcia et
al., 2011), and could also lead to global defects in secretion to the wall. To see if Als5
expression impacts classical secretion, we measured cell surface invertase activity in yeast
expressing Als5 or an empty vector. We found Als5 expression did not alter invertase activity
(figure 1 B).
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Figure 1: Invertase activity is altered by chaperones deletions, but not secreting an
amyloid forming protein.A) Invertase activity in the cell wall of S. cerevisiae in chaperone
deletion mutants.Invertase activity from six S. cerevisiae (BY4743) strains with homozygous
diploid chaperone knockouts was compared to a wildtype strain. Error bars represent the
standard deviation of 3 biological replicates except for Δssa1. B) Als5 expression does not
affect Invertase activity at the cell surface. Invertase Activity at the surface of S. cerevisiae is
not altered by expressing an amyloid forming protein, Als5. BY4741 was transformed with
either an empty vector or a plasmid containing the ALS5 gene under the control of a GAL
promoter. Error bars are standard deviation of 3 biological replicates.

GAPDH activity in the wall of intact S. cerevisiae
The glycolytic enzyme GAPDH is a component of cell walls in both Candida albicans
(Chaffin, López-Ribot, Casanova, Gozalbo, & Martínez, 1998; Gil-Navarro et al., 1997; Gozalbo
et al., 1998) and S. cerevisiae (M. L. Delgado et al., 2001). We verified that GAPDH is
enzymatically active in the wall of S. cerevisiae strain BY4743 by resuspending them in 1 mM
NAD, 1mM glyceraldehyde-3-phosphate, 100 µM DTT, and TEA (triethanolamine) phosphate
buffer (pH 8.6) in a 200 µL reaction, using methods similar to that of Delgado et al (2001).
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In Delgado et al (2001) GAPDH concentrations were recorded as units of activity (µM
per OD600) (M. L. Delgado et al., 2001). We needed to establish cell concentrations where
GAPDH activity was proportional to the number of cells used in an assay. We suspended
different concentrations of S. cerevisiae in GAPDH substrates for 30 minutes to find the linear
range of GAPDH activity, and measured NADH production by pelleting the yeast, collecting the
supernatant and reading an OD340. We found that NADH production was linear with cell
number up to 1.5 million cells per 200 µL reaction (figure 2.1). Therefore, we used a maximum
of 1 million cells in 200 uL, with a majority of trials being performed using 500K. We also
checked to see if NADH production was proportional to time. We found NADH production was
fairly proportional to time when using 500K cells, with a slight lag in activity in the first 30
minutes (fig 2B).
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Figure 2) NADH production from GAPDH as a product of cell density and time.
A) GAPDH activity in 30 minutes using different amounts of S. cerevisiae. B) NADH
production at the cell surface is proportional to time when using 500 thousand S. cerevisiae
cells, after a brief lag. Data points are the average of 2 samples. C) Absorbance spectrum of
supernatant collected after exposing yeast to NAD and glyceraldehyde 1-3 bisphosphate
show a peak at 340 nm for 2 hours. The peak increases as S. cerevisiae are exposed to
substrates for longer periods of time (.5, 1 and 2 hours, not shown). D) GAPDH activity at the
surface for extended periods of time. S. cerevisiae were incubated with NAD and
glyceraldehyde 3 phosphate for different periods of time and supernatant was analyzed for
NADH production. Data is the average of 2 samples.
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OD340 changes are specific to NADH production from GAPDH
We wanted to verify that OD340 measured is a result of NADH production, and the
NADH produced is derived from enzymatic activity of GAPDH. NADH has a characteristic peak
at 340nm. We mixed 500K S. cerevisiae with GAPDH substrates to for various periods of time,
collected supernatant, and generated an absorbance spectrum in a plate reader. The
absorbance spectrum of supernatant was characteristic of NADH, peaking at 340nm (figure 2C)
and an OD340 increased the longer S. cerevisiae were suspended in substrates (figure 2D).
Additionally, we only saw an OD340 change if both 1mM NAD+ and 1mM glyceraldehyde-3phosphate were present (data not shown). Therefore, an OD340 in supernatant is a sufficient
measure of NADH, a product of GAPDH.

GAPDH activity at the surface of S. cerevisiae is optimal at an alkaline pH
Traditionally, GAPDH enzyme assays are performed at an alkaline pH of 8.6 (Ferdinand, 1964).
However, S. cerevisiae in the wild grow in acidic conditions, when cultured they acidify growth
mediums. We wanted to know if GAPDH on the surface of S. cerevisiae was functional under
acidic conditions, mimicking its natural habitat. We assayed S. cerevisiae in a TEA buffer at
different pH values. GAPDH was active at the cell surface only when cells are resuspended in
an alkaline solution (pH 8.0 or higher). This is in contrast to the acidic conditions in which yeast
are normally grown, suggesting the function of GAPDH outside of a cell is not related to
glycolysis (data not shown).

GAPDH activity accumulates at the cell surface
During our initial screens, NADH production was approximately linear to time over the
course of 30 minutes. However, if we extended the assay time for 60-90 minutes, we noticed
the rate of NADH production began to increase (figure 2.3). This is consistent with observations
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of GAPDH accumulating during long periods of starvation (Delgado 2003). However, these
studies were limited to studying GAPDH accumulation after 90 and 180 minutes in water, and a
subsequent enzymatic reaction time of only 20 minutes. We wanted to know what GAPDH
accumulation looked like at shorter periods, and if this trend continued if we exceeded the
enzymatic reaction time beyond 20 minutes. We found NADH production accumulates after a
lag phase of 15-30 minutes. This suggests that in our experimental conditions, either GAPDH
was accumulating at the surface, or that more GAPDH became active in the wall on extensive
incubation in assay buffer (Figure 2B and 2D).

DTT increased GAPDH activity measured at the surface.
GAPDH can be partially oxidized in vivo, affecting its activity by 10%, so the addition of
DTT can keep the GAPDH reduced (Cyrne, Antunes, Sousa-Lopes, Diaz-Bérrio, & Marinho,
2010). Our assay buffer contained 100 µM DTT, as in Delgado et al. (L. Delgado et al., 2003; M.
L. Delgado et al., 2001). Low levels of DTT can also break disulfide bonds in the wall, and
increase cell wall porosity (Chaffin, 2008; Klis et al., 1990), exposing more enzyme to substrates
(Manuel Casanova & Chaffin, 1992; Ponton & Jones, 1986; Sommer & Lewis, 1971).
We reasoned that exposing S. cerevisiae to low levels of DTT also opens up the wall by
breaking down disulfide bonds. To test this we measured GAPDH activity at the surface over
time in the presence or absence of 100 µM DTT. The rate of NADH production increased after
30 minutes in the presence of DTT, while it remained constant in the absence of DTT (figure 3).
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Figure 3: Cell surface GAPDH activity with and without DTT over time
Yeast incubated in a TEA buffer (ABN + GAP) have constant levels of GAPDH exposed to
substrates (NADH production in supernatant is linear). Adding 100 µM DTT (ABDN + GAP +
DTT) increases GAPDH at the surface after a lag time. Error bars are range.

GAPDH on the surface can be attenuated with a membrane impermeant covalent
modifier
GAPDH is a constitutive cell wall component in S. cerevisiae (Braconi et al., 2011; M. L.
Delgado et al., 2001), and it was possible the increasing GAPDH activity we were measuring
was due to more enzyme already at the wall becoming exposed from DTT treatment (Klis et al.,
1990). We wanted to differentiate between GAPDH already in the wall and newly secreted
GAPDH. To do this, we took advantage of the ability of membrane impermeant modifiers to
deactivate GAPDH already on the cell surface.
We observed that modifying GAPDH with the biotinylation reagent Sulfo-NHS-LC Biotin
decreased GAPDH activity dramatically. Cytosolic lysate was treated with or without Sulfo-NHSLC biotin. Sulfo-NHS-LC biotin ablated GAPDH activity (figure 4A).
Sulfo-NHS-LC biotin is membrane impermeant and will only react with proteins external
to the plasma membrane. Therefore, it can specifically deactivate cell wall GAPDH and leave
cytosolic GAPDH unaffected. We treated intact cells with Sulfo-NHS-LC biotin (biotinylated

51

yeast). Biotinylated yeast did not have detectable GAPDH activity on their surface for the first 30
minutes, unlike untreated yeast. We observed GAPDH activity at the surface of biotinylated
yeast slowly restored after 60 minutes (figure 4B), demonstrating that the increasing GAPDH
activity observed is due to GAPDH being released from within a membrane.
Sulfo-NHS-LC biotin covalently modifies primary amines, which may have an effect on
all surface proteins and increase cell stress. This might disrupt cell wall functions and cause
secondary effects. We also measured invertase activity in yeast that were either biotinylated or
incubated in PBS to see if all surface proteins become dysfunctional upon biotinylation.
Invertase activity was unaffected by Sulfo-NHS-LC biotin (figure 4C). Therefore, biotinylation
inactivated GAPDH, but not invertase, consistent with specifc modifcation of GAPDH rather than
peturbation of the wall structure.
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Figure 4: Sulfo-NHS-LC biotin ablates GAPDH activity.
A) Cytosolic Lysate biotinylated with 1mg/mL Sulfo-NHS Biotin has low GAPDH activity.
Lysate was biotinylated, 10 µL of 1:5 dilutions of lysate was loaded onto a microtiter plate, 90
µL of substrates were added and OD340 was monitored over 30 minutes. B) Yeast grown to
an OD of 0.7 were biotinylated (biotin) for 1 hr in PBS pH 7 with 1mg/mL sulfo-NHS-LC biotin
or PBS (Std), and then suspended in TEA buffer containing GAPDH substrates for 15, 30, 60
and 90 minutes. 180 µL of supernatant was loaded into a microplate and OD340 was read.
Points are averages of 2 samples. C) Sulfo-NHS-LC does not deactivate invertase Yeast
grown in YP-Gal were biotinylated for 1 hr in PBS on ice, resuspended to an OD of 1, washed
and incubated with sucrose for 30 minutes at 30C. Supernatant was collected and reducing
sugar was determined with Tetrazolium Blue. Panel A is a representative experiment of single
technical replicates, panel B is a representative experiment, and data points are the averages
of two technical replicates, and Panel C, error bars are standard deviation of 3 technical
replicates. No sucrose controls are single tubes
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Enzyme assay conditions do not permeabilize the plasma membrane
While assaying enzymes in the cell wall, it is important that the plasma membrane is not
permeabilized, so that none of the activity derives from cytosolic enzyme. We compared PI
staining before and after assaying S. cerevisiae for GAPDH surface activity. There was no
visible increase in the amount of propidium iodide positive yeast after assaying yeast for cell
wall GAPDH (figure 5). Therefore accumulation of GAPDH activity seen after 100 µM DTT
treatments and recovered after biotinylation is unlikely to be caused by plasma membrane
leakage.
A)
S. cerevisiae
in TEA buffer

B)
S. cerevisiae
after
assaying the
cell wall for
GAPDH

Brightfield

Propidium Iodide

Figure 5) The exclusion dye propidium iodide does not stain more S. cerevisiae after
a GAPDH assay. S. cerevisiae suspended in TEA buffer pH 8.6 before (top) or after
(bottom) screening for GAPDH surface activity. Left: Representative brightfield image
demonstrating cell density in field. Right: Propidium Iodide fluorescence in the same field.
Imaged with epifluorescence at 40X.

100 µM DTT does not permeabilize the plasma membrane.
We also found that high concentrations of reducing agents can permeabilize the plasma
membrane (discussed later), so we wanted to ensure DTT concentrations used in whole cell
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assays for GAPDH on the surface was not permeabilizing the plasma membrane. We incubated
S. cerervisiae in a TEA buffer at pH 8.6, at 30C in different concentrations of DTT and
monitored PI fluorescence over time with flow cytometry. We concluded that while high
concentration of DTT (1 mM or higher) can permeabilize the plasma membrane, 100 µM did not
cause a significant amount of cells to become PI positive compared to a non-treated control
group, and this was consistent over 90 minutes (figure 6).
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Figure 6) Low concentrations of DTT do not permeabilize the plasma membrane
(A-D) Propidium iodide fluorescence after incubating in TEA buffer with various
concentrations of DTT. E) Percentage of cells which were PI positive (via flow cytometry) in a
TEA (triethanolamine) pH 8.6 buffer containing different concentrations of DTT at 30C.
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Releasing cell wall proteins for in vitro analysis without permeabilizing the plasma
membrane
We looked at several methods for releasing enzymatically stable cell wall proteins from
S. cerevisiae. It is important that the plasma membrane is not permeabilized, so that none of the
activity derives from cytosolic enzyme. Among cell wall extraction procedures published, using
reducing agents, enzymatic digestion of the walls with β1,3 glucanase, and alkaline treatment
were tested as these leave cell wall enzymes biochemically active.
To test reducing agents on the ability to extract GAPDH from cell walls and its effect on
cell wall porosity, we suspended S. cerevisiae in 100mM carbonate buffer containing 140, 20,
and 5mM β-mercaptoethanol, 20mM and 5mM DTT, 5mM TCEP (millipore), for 2 hours. Cells
were pelleted by centrifugation and supernatant was analyzed for GAPDH activity in vitro while
cells were stained with propidium iodide and visualized for plasma membrane leakage. We
found that at high concentrations of β-mercaptoethanol and DTT, GAPDH was released, but a
large proportion of yeast treated with these concentrations readily took up propidium iodide.
Therefore, we could not rule out that incubating in high concentrations of reducing agents
released cytosolic proteins in addition to cell wall material (Figure 7). Additionally, there was
very little GAPDH activity in the supernatant of cells treated with 5mM TCEP, and an elevated
number of yeast incubated with TCEP took up propidium iodide (figure 7).
We also collected cell wall proteins extracted on ice in 100 mM Tris pH 9.4
supplemented with 2% sorbitol, which excludes cytosolic protein such as Cof1 (Curvin et al.,
2016). However, we were unable to detect GAPDH activity in these extracts (data not shown).
Notably, a TCA precipitation and concentration step was required for immunological detection of
cell wall proteins using this procedure (Curvin et al., 2016). While we do not dispute the findings
that cell wall proteins can be extracted without compromising the plasma membrane, the yield
from this procedure was simply too low to use for enzymatic analysis.
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Figure 7) Exposing yeast to reducing agents can release cell
wall enzymes, but also permeabilizes cells. A) GAPDH
activity in supernatant from BY4743 S. cerevisiae after
incubating in various reducing agents for 120 minutes. B-G)
Yeast incubated in high concentrations of reducing agents
after 2 hrs have compromised plasma membranes PI
fluorescent (bright red) yeast combined with a brightfield
microscopy to visualize total amount of yeast (dark spots)
after exposing yeast to reducing agents compared to yeast in
carbonate buffer only (H). Values in A are single technical
replicates and representative of 2 experiments.
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S. cerevisiae Spheroplasts generated with yeast lyticase in 1M sorbitol take up
propidium Iodide
We also wanted to extract protein from the cell wall without permeabilizing the plasma
membrane. Soluble cell wall proteins are released from the wall when yeast is treated with β1,3
glucanase (yeast lyticase from Arthrobacter luteus). To keep yeast without an intact wall
(spheroplasts) and yeast with partially intact walls from lysing under osmotic pressure, the wall
digestion buffer can be supplemented with 1M sorbitol. We treated S. cerevisiae with β1,3
glucanase in 1M sorbitol, pelleted the yeast at 1000 or 2000 X G, and collected supernatants for
biochemical analysis. We were able to detect GAPDH activity in supernatant (data not shown).
However, spheroplasts are very fragile, and the extra precautions needed to handle them were
problematic. The spheroplasts generated took up PI in many trials (Figure 7). Additionally, it was
difficult to exclude cells from the supernatant when pelleting in 1M sorbitol at low speed.
Therefore, we were not confident that GAPDH released by treating with β1,3 glucanases can be
exclusively derived from the cell wall.

A)

B)

Figure 8) The plasma membrane of S cerevisiae is easily compromised after Zymolyase
(yeast lyticase) digestion. Yeast were spheroplasted with 1 Unit of Zymolyase in 1M sorbitol
for 2 hours. After a supernatant was collected, spheroplasted yeast were stained with
propidium Iodide and imaged with fluorescence (A) and phase-contrast (B) microscopy.
Selected spheroplasts (phase dark yeast) are marked with arrows.
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100 µM DTT releases a small portion of GAPDH from the cell wall as well as the
classically secreted enzyme invertase
Since we concluded that 100 µM DTT did not compromise the plasma membrane, we
wanted to know if we could use that concentration to extract cell wall proteins. Since we saw a
spike in GAPDH activity after at least 30 minutes of exposure to DTT (figure 3), and NADH
production saturated after 90 minutes, we decided to extract cell wall proteins using 100 µM
DTT for 60 minutes at 30C. When we used a concentration of 2.5 x 106 cells per mL (the
concentration used during in situ cell surface GAPDH assays), there was negligible GAPDH
activity released into in the supernatant (not shown). However, at higher concentrations such as
2 x 108 cells per ml and above, we could monitor supernatant for NADH production. We
estimate the GAPDH released by this method is less than 1% of the total GAPDH present in the
wall, based on the level of activity associated with whole cells. Additionally, we found the DTT
released GAPDH when the cells were incubated at 30C, and not when they were incubated on
ice (figure 8 A).
We also extracted cell wall proteins with 100 µM DTT from yeast grown in media
containing galactose to see if we could extract a classically secreted periplasmic protein,
invertase. Invertase expression is suppressed by glucose, so we grew up S. cerevisiae to a
similar stage in media containing glucose as a negative control. Both strains were concentrated
to an OD600 of at least 20 (4 X 108 cells/ml, then extracted in TEA buffer containing 100 µM DTT.
Invertase activity was observed in extract from yeast grown in galactose (Figure 8 B),
demonstrating that 100 µM DTT can release multiple enzymes, including soluble secreted
glycoproteins such as invertase.
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Figure 9) Enzymes released from S. cerevisiae in 100uM DTT
A) GAPDH released from S cerevisiae in 100 µM DTT is temperature dependent. Proteins
released from S. cerevisiae at an OD of 10 (200 million cells per mL) after incubating for 60
minutes in a TEA buffer (AB) either at 30C or on ice. 20 µL of extract was loaded into a
microplate, and additional reagents (NAD and glyceraldehyde 3 phosphate) were added to
the wells. OD340 was monitored over 60 minutes. Error bars are SD of 3 samples. B) DTT
Extracts from cells grown in galactose contain invertase. Yeast at OD600 of 20, and 23 were
incubated in TEA buffer containing 100 µM DTT for 60 minutes at 30C. Supernatant was
collected and mixed with sucrose for 30 minutes. uG of reducing sugar was measured using
Tetrazolium Blue. Yeast grown in YP-Gal (Gal) secrete invertase, while invertase is
suppressed when S. cerevisiae are grown with glucose in YPD (Gluc). Error bars are
standard deviation of 3 samples. No sucrose (No Suc) controls are single replicates.

Discussion
Here we demonstrate that enzymatic assays can be used to screen for defects in
secretion. Biochemically active cell wall enzymes were assayed in situ or extracted without
permeabilizing the plasma membrane. We found that deletions which attenuated surface display
of a yeast adhesin also decreased surface activity of invertase, a classically secreted
enzyme. Biochemical analyses of unconventionally secreted GAPDH were consistent with an
active secretion pathway rather than passive leakage from the cytosol though damaged
membranes.
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Enzymatic activity in the wall confirm defects in the classical secretory system
Enzymatic activity on the surface of S. cerevisiae can be used to demonstrate defects in
secretion. Homozygous chaperone deletions linked to surface display defects of the C. albicans
adhesin Als5 also caused defects in the classical secretory pathway. We used invertase as a
model protein to measure defects associated with the classical secretory pathway.
Because deletions of several chaperones decrease secretion of a classically secreted
C. albicans adhesin in S. cerevisiae, we analyzed secretion of cell wall invertase in homozygous
deletions to Δssa1, Δssa2, Δhlj1 and Δscj1. These deletions attenuated cell wall invertase
activity (Fig. 1). Neither Ssa1 nor Ssa2 are located in the secretory pathway, however Ssa1
plays a role in post-translational translocation of proteins (Chirico et al., 1988; Deshaies et al.,
1988; Itskanov & Park, 2019), and Ssa2 disassembles clathrin coated vesicles (Gao, Biosca,
Craig, Greene, & Eisenberg, 1991). Therefore, it is not a surprise that their deletions result in
defects in classical secretion. Interestingly, Ssa1 and Ssa2 are also unconventionally secreted
cell wall proteins in S. cerevisiae (Lopez-Ribot & Chaffin, 1996) as well as C. albicans (LópezRibot, Alloush, Masten, & Chaffin, 1996; Sun et al., 2010). Both Ssa1 and the C. albicans
adhesin Als3 function together during host-cell invasion models, however a Δsse1 C. albicans
did not have any defects in other classical secreted proteins (Sun et al., 2010). On the other
hand, Scj1 and Hlj1 are Hsp70 co-chaperones, and Hlj1 is located on the cytosolic face of the
endoplasmic reticulum, where it plays a significant role in ER-associated degradation (ERAD).
Notably, yeast with a homozygous deletion to Δsse1 did not alter invertase activity at the cell
surface, despite altering Als5 surface expression. Δsse1 deletions decrease cell wall integrity
(Shaner, Gibney, & Morano, 2008) and cause defects in surface localization of a GPI-anchorSag1 fusion protein (González, 2009). In conclusion, previously observed cell surface
expression defects can be explained by defects in secretion.
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GAPDH as a marker for unconventional secretion in yeast
As previously reported, GAPDH is present in the wall (Braconi et al., 2011),
enzymatically active, and that it can accumulate at the surface (L. Delgado et al., 2003; M. L.
Delgado et al., 2001). We measured the accumulation of cell-wall GAPDH over short intervals,
rather than after 90 and 180 minutes (L. Delgado et al., 2003) to show how accumulation
progresses. Additionally, we show we can deactivate cell wall GAPDH activity using a SulfoNHS ester-activated labeling compound, and subsequently monitor the release of new GAPDH.
Importantly, our biotinylation experiments show that we are measuring GAPDH activity
associated with the cell wall. Sulfo-NHS-LC-biotin contains a charged sulfonate group, making it
membrane impermeant (Stegmayer et al., 2005). Therefore, the reagent specifically deactivates
GAPDH that is not protected by a membrane. We were able to deactivate a vast majority of the
GAPDH activity with a membrane impermeant reagent. Propidium iodide staining and flow
cytometry experiments demonstrated that the plasma membrane remained intact as GAPDH
activity returned to the surface within 30-60 minutes. Therefore, we conclude the enzymatic
activity measured in our whole cell assays is from cell surface GAPDH.
Finally, we can recommend monitoring cell surface GAPDH activity as an enzymology
screen for studying unconventional protein secretion. There are multiple pathways currently
identified for unconventional protein secretion, such as translocation across a lipid bilayer by
forming a pore (Steringer et al., 2012), recruitment into multivesicular body (Baietti et al., 2012;
Jeppesen et al., 2019), secretory (Jeppesen et al., 2019; M. Zhang et al., 2015), recruitment into
(Bello-morales et al., 2018; Jeppesen et al., 2019), and recruitment into specialized
compartments after starvati(Bruns et al., 2011; Cruz-Garcia et al., 2014; Curvin et al., 2016).
The specific pathway(s) GAPDH utilizes for secretion has not yet been identified. However, our
results pave the way for genetic studies to identify GAPDH secretion mechanisms.
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Biotinylation as a tool for selectively deactivating GAPDH.
Biotinylation is frequently used as a mechanism of isolating cell wall proteins for western
blot analysis or proteomics (M. Casanova, Lopez-Ribot, Martinez, & Sentandreu, 1992),
including unconventionally secreted proteins such as enolase (Edwards, Braley, & Chaffin,
1999) and the Hsp70 members Ssa1 and Ssa2 (Lo & Chaffin, 1996; López-Ribot et al., 1996).
To our knowledge, it has not been used to deactivate enzymes in situ. Biotinylation ablated
GAPDH activity, but not alter external invertase activity, so not all external enzymes can be
deactivated in this manner. Therefore, labeling the wall in this manner does not globally alter
classical secretion and is minimally invasive.
Sulfo-NHS-LC biotin reacts with primary amines. 3 dimensional models of the protein
structure of Tdh3 are available, so we determined marked lysines near the catalytic cysteine,
and glyceraldehyde-3-phosphate binding domain, and the NAD binding domain (Biology et al.,
2012). There are several lysines located near the active site, including LYS160, LYS217 at 5
and 8 angstroms, as well as LYS 213, 225, 307 within 10 angstroms (figure 9). Therefore, it is
conceivable that biotinylation agent is directly inactivating GAPDH by covalently modifying
lysines near its active site.
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A)

Tdh3 with all lysines labeled, and their positiions relative to catalytic residues, NAD, and GAP
binding residues.
Active site (CYS 150). GAP binding residues (Green), NAD binding domain (Orange). All
Lysines (Pink)
C)
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Figure 10) Sulfo-NHS-LC Biotin can bind lysines close to critical residues on the
surface of GAPDH. A) The structure of Tdh3 with lysines labeled in red, and the active site in
blue. B) The structure of Tdh3 with lysines close to the active site CYS150 (cyan). Lysines
are labeled and color coded as in C. C) Table of Lysines and their proximity to CYS150
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Reducing agents can easily compromise the plasma membrane. An incubation in 100
µM DTT is recommended for cell wall extraction
One striking observation we made is that high concentrations of reducing agents used to
extract cell wall proteins (Chaffin, 2008; Cleves et al., 1996; Giardina et al., 2014; Lu et al.,
1994) can compromise the plasma membrane, leading to propidium iodide uptake. This is
consistent with observations of Curvin et al, which used cofilin as a marker for cytosolic leakage
(Curvin et al., 2016).
To extract cell wall proteins for enzymology while avoiding cytosolic contamination, we
recommend incubating S. cerevisiae in 100 µM DTT as described above and monitoring yeast
for cytosolic permeability with propidium iodide. GAPDH and Invertase are considered
periplasmic (held in place between the wall and the plasma membrane) (M. L. Delgado et al.,
2001; Lipke & Ovalle, 1998; Tanino, Matsumoto, Fukuda, & Kondo, 2004), so this technique can
extract proteins associated with the innermost layer of the cell wall. We also recommend
passing supernatant through a .22 µm filter to avoid contaminating extracts with loose cells.
We conclude enzymatic studies are suitable for studying secretion, including
unconventional secretion. GAPDH is a suitable enzyme for studying unconventional secretion.
Additionally, external GAPDH can be deactivated to monitor secretion rates, and it can be
readily extracted from the wall without cytosolic contamination.
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Methods
Table 1: Strains used
1
2
3
4
5
6
7

Strain name
BY4741 +
PLS11
BY4743
BY4743
Δssa1
BY4743
Δssa2
BY4743
Δscj1
BY4743
Δhlj1
BY4743
Δsse1

Genotype
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 [URA3 ALS5]
MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 met15Δ0/MET15
ura3Δ0/ura3Δ0
MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 met15Δ0/MET15
ura3Δ0/ura3Δ0 Δssa1::KANMX/Δssa1::KANMX
MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 met15Δ0/MET15
ura3Δ0/ura3Δ0 Δssa2::KANMX/Δssa2::KANMX
MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 met15Δ0/MET15
ura3Δ0/ura3Δ0 Δscj1::KANMX/Δscj1::KANMX
MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 met15Δ0/MET15
ura3Δ0/ura3Δ0 Δhlj1::KANMX/Δhlj1::KANMX
MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 met15Δ0/MET15
ura3Δ0/ura3Δ0 Δsse1::KANMX/Δsse1::KANMX

Whole cell Invertase assays
S. cerevisiae BY4741 and BY4743 with homozygous deletions to Δssa1, Δssa2, Δscj1,
Δhlj1, Δsse1 were grown to an OD600 of 0.45-0.55 in YP-Gal [define], concentrated to an OD600
of 1 in 20mM sodium citrate buffer (pH 5). 150 µL of this cell suspension was mixed with 50 µL
of .4M sucrose to a final concentration of OD600 = 0.75 yeast and .1M sucrose, and incubated at
30C. After ½ hour suspensions were pelleted and reducing sugar released was quantified by
boiling 1:1000 dilution in tetrazolium blue (Sigma) and boiled for 3 minutes, and an OD670
measured in either a Spectronic 600 or Biotek synergy plate reader. The OD670 was used to
quantify reducing sugar against a set of glucose standards (Jue & Lipke, 1985).
To measure invertase extracted from cell walls, S. cerevisiae was grown to an OD600 of
0.5 in YPD (to suppress invertase) or YPGal (to derepress invertase expression), and
resuspended to an OD600 of 20, and 23, respectively, in TEA buffer [define] containing

100 µM DTT for 60 minutes at 30C. 150 µL of supernatant (centrifugation conditions?]
was collected and mixed with 50 µL of sucrose as stated above, except reactions were
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run for 60 minutes and the reaction was terminated by immediately diluting in
tetrazolium blue, which is prepared in NaOH and will denature enzyme. Micrograms of
reducing sugar released by invertase was measured as an A670 and compared to a
glucose curve (Jue & Lipke, 1985).

Determining GAPDH activity at the cell surface
S. cerevisiae strain BY4743 was grown in YPD to log phase, pelleted, and resuspended
in either 20mM sodium citrate buffer pH 5 or TBS pH 7 to an OD600 of 1.25. At this
concentration 20 µL contains 5 x 10^5 cells. 20 µL of cells from each concentration was loaded
into a microfuge tube and placed on ice. To initiate the reaction, 180 µL of TEA buffer (40mM
triethanolamine, Sigma, 50 mM Na2HPO4, 7.5 mM EDTA, pH 8.6) also containing 100 µM DTT,
1 mM NAD+ (Alpha Aesar) and 7 µL of 100 mg/mL glyceraldehyde 3 phosphate (Cayman
Scientific or Sigma Aldrich) from frozen stocks. The cell suspension was incubated at 30C for 30
min, placed on ice for 5 minutes to retard the reaction, and then S. cerevisiae was pelleted by
centrifuging at full speed (13,000 X G) for 1 minute. 180 µL of the supernatant was collected
and an A340 was measured on a Biotek Synergy 2 plate reader. 180 µL of supernatant from a
negative control reaction of 5 x 10^5 cells without glyceraldehyde-3-phosphate or without cells
were used as a blank. To determine kinetics of NADH production, cells were incubated for 0120 minutes before analysis of supernatants.
To determine how incubation in DTT alters GAPDH activity on the surface over time,
500K yeast cells in 20 µL of TBS were mixed with in 160 µL of TEA buffer with or without DTT
(100 uM) and incubated for the times stated. After incubation, NAD and glyceraldehyde-3phosphate were added, and 2 µL of 10 mM of DTT was added to reactions lacking DTT. The
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tubes were incubated at 30C for 30 minutes, the supernatant was collected and analyzed for
NADH production by reading an A340.

Extraction of cytoplasmic GAPDH
S. cerevisiae were lysed with glass beads in PBS, with a 1:1000 dilution of yeast protease
inhibitor cocktail set IV (Calbiochem), the lysate was cleared by centrifugation at 4C at full
speed on a microcentrifuge, and supernatant was analyzed for GAPDH activity.

In vitro GAPDH kinetics
10 µL of either a cell wall extract, whole cell lysate, or 10 fold dilutions were loaded into a
microplate. A Biotek synergy 2 plate reader was prewarmed to 30C, 90 µL of TEA buffer
containing 1 mM NAD+, glyceraldehyde 3 phosphate, and 100 µM DTT was added and an
OD340 was monitored over 60 minutes. Negative control wells contained 10 µL of the buffer
used to extract protein mixed with the other reagents, or extract was mixed with TEA buffer
containing all of the reagents except for glyceraldehyde-3-phosphate. To calculate GAPDH
activity, we determined the the slope of the steepest linear part of the OD340 curve during the
first 5-60 minutes.

Biotinylation of GAPDH
Cytosolic lysate was covalently modified with or without 1mg/mL sulfo-NHS-LC biotin (ApexBio)
for 1 hour. The biotinylated and non-biotinylated lysates were then washed in a 10kDa
membrane cutoff filter (Sigma) with PBS, 10 µL was loaded into a microplate with 90 µL
substrates and analyzed for GAPDH activity.
To biotinylate intact yeast, S. cerevisiae were washed and resuspended at an OD600 of between
2.5 and 5 in PBS with or without 1mg/mL Sulfo-NHS-LC biotin for 1 hour at 4C or on ice. The
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treated cells were washed 2X and resuspended in TBS to measure GAPDH activity as above,
or in citrate buffer to measure invertase.

Propidium iodide staining
S. cerevisiae were treated as stated, stained with either 2 to 20 ug/mL of propidium iodide (PI)
(Sigma), concentrations within ranges reported for live/dead staining (Atanasova et al., 2019;
Braconi et al., 2011; Kwolek-Mirek & Zadrag-Tecza, 2014) and visualized under fluorescence
microscopy using a TRITC filter.

Flow cytometry
We incubated BY4743 at at a concentration of 2.5 x 10^5 per mL in TEA buffer (pH 8.6) with 010 mM DTT at 30C for 0-90 minutes, and at each timepoint, removed 100 uL, added PI to a final
concentration of 2 ug/mL, incubated for an additional 5 minutes to ensure all dead cells take up
the dye (Atanasova et al., 2019), and measured PI fluorescence on a BD Accuri flow cytometer.

Cell wall extraction procedures
To generate spheroplasts, S. cerevisiae strain BY4743 was resuspended in PBS with or without
1M sorbitol. 1 unit of Zymolyase (Zymogen) was added to the mixture and lysis was monitored
visually in the tube lacking sorbitol. Spheroplasted yeasts were identified using phase contrast
microscopy at 400X magnification. The spheroplasts stabilized in sorbitol were pelleted at 2000
RPM, and supernatant was collected and assayed for enzyme activity in vitro. The spheroplasts
were washed in PBS + 1M sorbitol, stained with PI as above, (the volume of PI added did not
exceed 1% of the total volume).
Reducing agents for GAPDH release and cell viability were added to 2x10^6 cells/mL in 100mM
carbonate buffer containing the indicated concentrations of reducing agents at 30C for 2 hours.
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An aliquot of cells was stained with PI as above, remaining cells were pelleted and 10 µL of
serial dilutions were used to measure GAPDH activity in the supernatant.
To extract cell wall proteins using 100 µM DTT, S. cerevisiae were washed 2X in TEA buffer
and concentrated to an OD600 of 10-30. DTT was added to a final concentration of 100 µM from
a 100mM frozen stock solution, the cells were incubated on either ice or at 30C for 60 minutes
and then pelleted. 90% of the Supernatant was collected to avoid disturbing the pellet. In later
experiments the supernatant was passed through a .22um durapore filter (sigma) to further
remove any remaining cells.
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Chapter 3: The Endolysosomal System is Involved in the
Unconventional Secretion of GAPDH.
Michael Cohen
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Abstract:

The yeast cell wall contains both classically secreted proteins, and unconventionally
secreted proteins which lack a signal sequence for translocation into the ER. There have been
several genetic studies to model the unconventional protein secretion pathways present in
yeast, but most of the model proteins studied are not continuously secreted under normal
growth conditions, and information about generalized pathways is underdeveloped. One
unconventionally secreted protein is GAPDH, which is expressed as 3 isoforms in yeast, Tdh1,
Tdh2, and Tdh3. GAPDH is enzymatically active in the cell wall, making it suitable for genetic
studies. We screened yeast with homozygous gene deletions involved in potential
unconventional secretion pathways for defects in GAPDH secretion. We found that deletions
targeting the endolysosomal system led to the largest effects on GAPDH secretion,
including vps21 and bro1. In contrast, deletions of genes associated with autophagy or the
classical secretory system had no effect on GAPDH secretion. GAPDH is abundant in the
cytosol, but it is not evenly distributed. We found that Tdh3, (one of the isoforms of GAPDH) can
localize to endosomal compartments, including the Multivesicular body (MVB), which is a
common point of entry to unconventional protein secretion systems. Yeast lacking the
endosomal Rab5-GTPase Vps21 had defects in GAPDH secretion as well as delayed entry into
to the endosomal compartments. Therefore, we conclude GAPDH is secreted by entry into the
endolysosomal system.
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Introduction:

The yeast wall contains a variety of proteins, and has been a model for determining the
classical secretion system (Novick et al., 1981). Interestingly, there are many proteins in the
yeast cell wall that lack a signal sequence needed for secretion through the classical secretion
system. These proteins are sometimes called “leaderless proteins” or unconventionally secreted
proteins. They are well characterized, and have been identified as cell wall components through
mass spectroscopy (Braconi et al., 2011), immunostaining (Lopez-Ribot & Chaffin, 1996) and
through enzymology (L. Delgado et al., 2003; M. L. Delgado et al., 2001).

Unconventional proteins in the yeast wall are functional. GAPDH can be cleaved into
antimicrobial peptides during wine fermentation (Patrícia Branco et al., 2014; Patricia Branco et
al., 2017). C. albicans GAPDH can bind fibronectin and laminin (Gozalbo et al., 1998) and
alcohol dehydrogenase (Adh1 in candida, a homolog of Adh3 in S. cerevisiae) is a wall
component of the C. albicans wall that can bind plasminogen (Nombela, Gil, & Chaffin, 2006;
Perumal et al., 2012) and fibronectin (Nombela et al., 2006). Chaperones in the wall of other
fungal species such as Candida albicans mediate host invasion (Sun et al., 2010).

Many unconventionally secreted proteins are also abundant in the cytosol, including
GAPDH, enolase, hsp70, hsp90. It has been suggested their presence in the yeast wall is due
to a nonspecific process. However, there is some evidence that there is sorting involved in their
secretion. Sequences in TDH3 could successfully translocate an internal invertase isoform to be
secreted (M. L. Delgado, Gil, & Gozalbo, 2003), and a fusion protein containing the N-terminal
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amino acids of enolase could sort GFP and internal invertase to the cell wall (López-villar et al.,
2006).

Some unconventionally secreted proteins have well characterized secretion pathways,
but they do not explain how other unconventionally secreted proteins are released. For
example, the mating pheromone a-factor, a 12 amino acid peptide, is transported across the
plasma membrane by the ABC transporter Ste6 (McGrath & Varshavsky, 1989). However, ABC
transporters typically transport small molecules (Wilkens, 2015), a-factor is the only known
substrate of Ste6, and mutational analysis of a-factor suggests Ste6 specifically binds the C
terminal isoprenyl group and specific amino acid sequences in the mature form of a-factor
(Huyer et al., 2006). Acb1 secretion from S. cerevisiae requires components associated with
membrane-bound organelles (Duran et al., 2010) like other unconventionally secreted proteins
(M. Zhang et al., 2015). However, Acb1 secretion requires starvation (Curvin et al., 2016; Duran
et al., 2010), encasement in a specialized compartment (referred to as CUPS, or the
compartment for unconventional protein secretion) (Bruns et al., 2011; Cruz-Garcia et al., 2018;
Curvin et al., 2016) and its secretion pathway is shared by only one other protein (D. C. Garcia
et al., 2016). Many other unconventionally secreted proteins are secreted constitutively;
enolase, TDH3, and several other proteins show up in mass spec data of the S. cerevisiae and
C. albicans wall and extracellular vesicles without a pretreatment or stress (Braconi et al., 2011;
M. L. Delgado et al., 2001; Edwards, Braley, & Cha, 1999; Gil-bona et al., 2017; Gil-Navarro et
al., 1997; López-villar et al., 2006; Nombela et al., 2006; Vargas et al., 2015). While there are
well characterized pathways of unconventional secretion in yeast, the pathways currently
identified apply to specialized cargo, or are activated under unique conditions. Therefore, these
likely do not represent the pathways other unconventionally secreted proteins follow.
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One possible route unconventionally secreted protein may follow is becoming engulfed
by organelles in the endolysosomal system while intraluminal vesicles form. The endolysosomal
system consists of early endosomes, mutivesicular bodies (MVBs), and the vacuole (yeast
lysosome). Early endosomes fuse with and mature into an MVB where intraluminal vesicles
form. MVBs can fuse with the plasma membrane and release their ILVs as exosomes (small
extracellular vesicles derived from the MVB).

Cytosolic proteins can enter the MVB by several mechanisms. Notably, they can enter
the MVB during intraluminal vesicle formation, as the outer membrane of the MVB invaginates
inwards. This is driven by ESCT-III polymerization at the MVB surface, which is recruited by
either ESCRT-0 and bro1, or ESCRT I and ESCRT-II (Tang et al., 2016).

A key driving forces for vesicles fusing along the endolysosomal system is vesicle
docking and fusion, controlled by rab-gtpases on membranes (Hutagalung & Novick, 2011;
Stenmark, 2009). The surface of early and late endosomes is marked with vesicle specific rabGTPases, which restrict vesicle fusion and binding to target membranes. In the endolysosomal
system of S. cerevisiae, there are two specific tethers, the CORVET tether and the HOPS tether
(Balderhaar & Ungermann, 2013; Spang, 2016). In yeast, Rab5-GTP binds the CORVET tether,
which is associated with early endosomal membranes (Gerrard, Bryant, & Stevens, 2000;
Peplowska, Markgraf, Ostrowicz, Bange, & Ungermann, 2007). Rab7-GTP binds the HOPS
tether (which is associated with MVB and vacuole vesicular membranes (and fusion)
(Balderhaar & Ungermann, 2013).

Cytosolic proteins can also be sequestered into the intraluminal vesicles during
starvation conditions. Notably, cytosolic contents are sequestered into the inner membrane of
autophagosome during macroautophagy (autophagy where bulk cytoplasms are recruited into
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autophagosomes) (Reggiori & Klionsky, 2013). Autophagosomes can fuse with a multivesicular
body to form a structure called an amphisome (Klionsky et al., 2014) and amphisomes can fuse
with the plasma membrane and release unconventionally secreted cargo such as histones
(Jeppesen et al., 2019).

There is also a specialized compartment called CUPS which develops from Grh1 (a
Golgi GRASP protein) positive membranes under the same starvation conditions that induce
autophagy (Bruns et al., 2011). Notably Acb1 is secreted by being taken up into CUPS and
secreted by a mechanism that requires the autophagy proteins Atg5, Atg7, Atg8 and Atg12
(Duran et al., 2010) essential components for the development of canonical autophagosomes
(Mizushima, Yoshimori, & Ohsumi, 2011). As CUPS matures, ESCRT-III is recruited to its
surface, but CUPS appears to be distinct from canonical multivesicular bodies associated with
exosome formation (Cruz-garcia, Malhotra, & Curwin, 2018; Curvin et al., 2016).

Proteins can also become encapsulated by MVB and vacuolar membranes as vesicles
fuse (intraluminal fragment pathway) (E. K. McNally, Karim, & Brett, 2017; K. E. McNally &
Cullen, 2018) and invaginating vacuolar membranes during non-selective microautophagy
(Reggiori & Klionsky, 2013), however there is currently no evidence suggesting the intraluminal
fragment pathway or microautophagy are linked to unconventional protein secretion.

Given that GAPDH is regularly associated with the S. cerevisiae cell wall, we reasoned
that it has a mechanism of secretion independent of autophagy, unlike Acb1. However, its
secretion may be driven by constitutive cellular processes such as exosome biogenesis or
classical secretion. We screened deletions targeting intracellular traffic for defects in GAPDH
activity at the cell surface to find out how GAPDH gets secreted.
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Results

Deletions targeting the endolysosomal system had the most dramatic effect on cell
surface GAPDH activity

S. cerevisiae gene deletions were selected based on gene ontology terms related to
vesicle transport, autophagy, and intraluminal vesicle formation at the MVB
(www.yeastgenome.org), as these were previously reported to be involved in unconventional
secretion (Duran et al., 2010) and exosome biogenesis (Baietti et al., 2012; Ghossoub et al.,
2014; C. E. Jackson, Scruggs, Schaffer, & Hanson, 2017). S. cerevisiae with homozygous
deletions (Winzeler et al., 1999) were screened for defects in cell surface GAPDH. Cell surface
GAPDH was measured alongside an isogenic wildtype (BY4743).
Out of 76 genes screened, 5 consistently gave low levels of cell surface GAPDH
(hyposecretion), 5 had elevated levels of GAPDH (hypersecretion), and several varied
dramatically in multiple trials (Figure 1).
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GAPDH secretion does not require autophagy, or genes involved in Acb1 secretion.

Yeast secrete the protein Acb1 in a system requires the autophagy components Atg5,
Atg7, Atg8, and Atg12 (Duran et al., 2010). Yeast with deletions for Δatg5, Δatg7, as well as
other autophagy genes (Δatg11, Δatg18, Δatg33, Δatg34, Δatg38, and Δatg39) had minor
defects, and did not block GAPDH secretion (figure 2A). This contrasts with the dramatic
manner autophagy genes blocked Acb1 secretion (Duran et al., 2010).
These differences are consistent with the conditions in which the two proteins are
secreted; In order for yeast to secrete Acb1, the yeast need to be starved (Duran et al., 2010),
Acb1 must be taken up into CUPS membranes (Curvin et al., 2016) and secretion occurs after
30 minutes of removing nutrients (Duran et al., 2010). GAPDH is constitutively found in the S.
cerevisiae wall in S. cerevisiae (Braconi et al., 2011) and C. albicans (Gil-bona et al., 2017; GilBona et al., 2015; Perumal et al., 2012), and we were able to detect GAPDH activity at the S.
cerevisiae surface after as little as 15 minutes (Chapter 2, figure 2B).

During long periods of elevated temperature or starvation, GAPDH accumulates on the
S. cerevisiae wall (L. Delgado et al., 2003). It is possible that autophagy plays a role in this
accumulation. To rule this out, we screened Δatg8 yeast for defects in GAPDH surface activity
under similar conditions. Atg8 (mammalian LC3) is covalently attached PE membranes of
expanding autophagosomes and is an essential component of autophagy (Mizushima et al.,
2011). Wildtype and Δatg8 S. cerevisiae were starved for 90 minutes in a TEA buffer containing
100 µM DTT solution at 30C (90 minute preincubation). Atg8 was not required for an
accumulation of cell surface GAPDH activity after starvation (figure 2B). Wildtype and Δatg8 S.
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cerevisiae were also heat shocked at 41C for 30 minutes. Atg8 was not required for an
accumulation of cell surface GAPDH activity after a heat shock (figure 2B). Therefore, we ruled
out autophagy as a mechanism of GAPDH secretion
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Figure 2. Autophagy is not required for the constitutive, or starvation induced
secretion of GAPDH.
A) Cell surface GAPDH activity in the absence of autophagy genes relative to a wildtype
strain. Autophagy is not required for GAPDH to accumulate in the wall after starvation (B)
or a heat shock (C). All data points are the averages of two technical replicates. Error bars
are range of at least 2 biological replicates (A), 2 technical replicates (B), or standard
deviation of 3 technical replicates (C)
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GAPDH secretion is not significantly altered by deletions targeting the classical
secretion pathway

We also tested cell surface GAPDH on yeast with deletions targeting the classical
secretion system. Many of these genes are essential (such as SEC genes) and require a nonpermissive temperature to inhibit classical secretion. Several deletions tested are characterized
by decreased classical secretion or are nonessential components of the classical secretory
system. Representative deletions are included in Figure 3A.
We tested S. cerevisiae lacking yeast lacking several non-essential components of the
classical secretory pathway. Yeast with deletions to the syntaxin-like t-SNARE Δtlg2 are
characterized by abnormal to absent secretion (annotated in yeast genome.org) and had a
decrease of 8% cell surface GAPDH activity. Δypt31 a trans-Golgi Rab-GTPase involved in the
exocytotic pathway and had a 15% decrease in cell surface GAPDH activity. Δsnx4 a sorting
nexin involved in retrieval from early endosomes to the Golgi had an increase of 6% cell surface
GAPDH activity. Δsnx3, a sorting nexin for maintaining late-Golgi resident enzymes had an
increase of 10% cell surface GAPDH activity. and Δsnc2 a v-SNARE involved in Golgi to PM
fusion had a decrease of 8% cell surface GAPDH activity. Since none of these deletions had a
major impact on GAPDH cell surface activity, we ruled out classical secretion as a requirement
for constitutive GAPDH secretion.

Additionally, the Golgi protein Grh1 (a type of GRASP) is required for Acb1 secretion
(Duran et al., 2010) a marker for CUPS remodeling (Cruz-Garcia et al., 2014) and Acb1 is taken
up within Grh1 membranes of CUPS prior to secretion (Curvin et al., 2016). We screened Δgrh1
yeast for cell surface GAPDH activity. Unlike Acb1 secretion, Δgrh1 did not block GAPDH
activity, rather it increased GAPDH at the surface by 57%. This further demonstrates that
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GAPDH is secreted by an unconventional protein secretion mechanism that is distinct from
Acb1 (Figure 3A).
Finally, since GAPDH accumulates in the S. cerevisiae wall at elevated temperatures (L.
Delgado et al., 2003) that block classical secretion in sec mutants (Novick & Schekman, 1979)
we screened yeast with a sec-1 mutation for GAPDH accumulation during a heat shock. Sec1 is
an SM protein for SNARE pairing at the plasma membrane during exocytosis (Delic et al.,
2013). GAPDH still accumulated at the surface of sec1-1 yeast at a non-permissive
temperature, ruling out classical secretion as a mechanism of GAPDH secretion during a heat
shock (Figure 3B).
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Figure 3) Components of the classical secretory pathway are not required for GAPDH
secretion
A) Relative GAPDH surface activity in nonessential deletion mutants either involved in
secretion or components of the Golgi. Error bars on Δgrh1 represent range, all others are
single trials. GAPDH activity is relative to an isogenic wildtype (BY4743). B) A sec1-1
mutation did block GAPDH accumulation at the surface in a non-permissive temperature.
OD340 is GAPDH production over 40 minutes. Error bars are standard deviation of 3
technical replicates
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ESCRT assembly is involved in GAPDH secretion

ESCRT complexes bind to the surfaces of endosomal membranes rich in ubiquitin, and
at the MVB surface ESCRT-III components polymerize to deform membranes and make
intraluminal vesicles and is disassembled by the AAA+ ATPase Vps4. Along with ESCRTs, the
accessory protein Bro1 (ALIX in mammals) functions at endosomes (Odorizzi, Katzmann,
Babst, Audhya, & Emr, 2003), recruits the deubiquitinating enzyme Doa4 (Y. Kimura et al.,
2014) and ESCRT-III (Tang et al., 2016).

We tested yeast with deletions to ESCRT complexes and accessory proteins for defects
in GAPDH activity. Deletions targeting ESCRT-0, I, and II had minor effects on cell surface
GAPDH; Δhse1 (ESCRT-0) had a 10% decrease in cell surface activity. Δvps23 (ESCRT-I) had
a 19% decrease in GAPDH activity. Δvps25 (ESCRT-II) had 10% increase in the cell surface
GAPDH activity. Vps20, an (ESCRT-III only activated by ESCRT-II components) had a 3.4%
increase in cell surface GAPDH activity. Δvps4 had a 22% decrease in cell surface GAPDH
activity. Δvps60 (a vps4 accessory protein) had an 8% increase of cell surface GAPDH activity.
Yeast with Δsnf7 (a key ESCRT-III monomer) had an average increase of 39% cell surface
GAPDH activity but varied greatly across 3 trials. Finally, Δbro1 yeast had an average decrease
of 51% cell surface GAPDH activity among 4 biological replicates (figure 4).
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Figure 4) The effect of ESCRT deletions on GAPDH activity at the yeast surface. Error
bars in Δsnf7, Δbro1, Δdoa4 and Δvps60 represent range. Δsnf7 is the average of 3 biological
replicates, Δbro1 is the average of 4 biological replicates. Δdoa4 and Δvps60 is the average
of 2 biological replicates. GAPDH activity is relative to an isogenic wildtype (BY4743)

Endosome traffic is involved in GAPDH secretion.

We found that deletions targeting two tethers associated with the endolyosomal system
consistently had impacts on cell surface GAPDH activity. Specifically, two tethers; the HOPS
and CORVET complexes appear to be involved in GAPDH secretion (figure 5). These two
tethers share 4 core components; Pep5 (Vps11), Vps13, Vps18, and Vps33. The CORVET
complex also has two unique Rab effectors; Vps8 and Vps3 for binding Rab5 (Ypt53 and
Vps21) found on the surface of early endosomes. The HOPS complex contains the Rab
effectors Vps39 (vam6) and Vps41 for binding Rab7-GTP found on the surface of the MVB and
vacuole (yeastgenome.org).

We tested yeast with HOPS specific gene deletions for defects in cell surface GAPDH
activity. Yeast without either of the two HOPS specific rab effectors Vps39 (Vam6) and
Vps41both had decreased GAPDH surface activity. Δvps39 and Δvps41 had an average of only
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53% and 43% of the activity of a wildtype strain, respectively. Yeast without the Ypt7 (the Rab7
GTPase associated with the surface of the MVB and Vacuole) had 166% of the GAPDH activity
associated with wildtype yeast and varied dramatically.

We also tested yeast with CORVET specific gene deletions for defects in cell surface
GAPDH activity. Δvps8 yeast (lacking the CORVET specific Rab effector) had variable levels of
GAPDH activity, ranging from 66-300% of wildtype, and Δmuk1 yeast had dramatically high
levels of GAPDH at its surface among multiple trials, averaging 363% of wildtype. Interestingly,
Δvps21 yeast, which lack one of the two early endosome Rab5s, consistently had low levels of
GAPDH on its surface (40%) while Δypt52 seemed unaffected (106%), suggesting a functional
difference between the two proteins.
Finally, we tested yeast lacking Vps33, a core component of both CORVET and HOPS.
Δvps33 had 143% of GAPDH activity on its surface. While it is not clear why some deletions
upregulated cell surface GAPDH, these results demonstrated that endosome tethering is a step
involved in the unconventional protein secretion pathway of GAPDH (figure 5).
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Figure 5 Cell surface GAPDH activity in yeast lacking endocytic tether
components and Rab-GTPases. Vps33 is part of a core component shared by
both CORVET and HOPS complexes. Vps39 and Vps41 are HOPS specific Rab7
(Ypt7) effectors, while Vps8 is a CORVET specific Rab5 (Vps21) effector. Muk1 is
a GEF for Rab5 (vps21, and ypt52). GAPDH activity is relative to an isogenic
wildtype (BY4743). Error bars represent range. Values for Δvps33, Δvps39 (Vam6)
and Δmuk1 are averages of 3 biological replicates. Values for Δypt7 and Δvps8 are
averages of 4 biological replicates. The value for Δvps21 is an average of 5
biological replicates.

S. cerevisiae lacking vps21 secrete GAPDH at a lower rate than BY4743

While Δvps21 has a lower amount of cell surface GAPDH activity, this could be due to
defects in secretion, or simply a lower amount of GAPDH due to defects in cell wall synthesis or
retention of soluble periplasmic molecules. To rule out the latter, we deactivated external
GAPDH, and measured secretion over time in both wildtype and Δvps21 yeast by monitoring
NADH production.
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We had previously found that labeling S. cerevisiae with the membrane impermeant
modifier sulfo-NHS-LC biotin makes most cell surface GAPDH non-functional, and recovery of
GAPDH activity can be used to estimate secretion rates (chapter 2). We reasoned that GAPDH
activity on the surface of Δvps21 yeast would recover at a slower rate than wildtype if its
phenotype was caused by secretion defects.
We biotinylated Δvps21 and BY4743 yeast to deactivate most cell surface GAPDH
(NADH production at 30 minutes was low in biotinylated cells). Then we monitored how GAPDH
activity changes over 90 minutes by measuring NADH production. Within the first 30 minutes,
both sets of biotinylated yeast only had approximately 50% of the GAPDH found on untreated
yeast. GAPDH levels at the surface of Δvps21 yeast recovered more slowly than in a wildtype
strain (figure 6).
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Figure 6) GAPDH is secreted more slowly in a Δvps21 background compared to a wildtype
strain. Yeast were biotinylated with sulfo-NHS-LC biotin to deactivate all cell surface GAPDH
(dotted lines), NADH production (OD340) was measured over the course of 90 minutes. Values
are the average of 2 technical replicates in a representative experiment performed 3 times.

88

There is less GAPDH in the cell wall of S. cerevisiae lacking vps21

Finally, we wanted to confirm that the GAPDH activity defect in vps21 was due to less
GAPDH present in the cell wall, and not due to differences in DTT sensitivity or cell wall
porosity. To confirm this, we extracted cell wall proteins and normalized GAPDH activity to the
amount of mannoprotein. GAPDH activity from cell wall extracts was measured in vitro and total
mannoprotein was measured by staining for ConA as a loading control. The ratio of GAPDH to
ConA in vps21 yeast was low compared to the parental strain (figure 7A). GAPDH associated
with wildtype wall protein was higher than in Δvps21. Therefore, yeast lacking Vps21 have less
GAPDH per mass of mannoprotein.
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Figure 7: The cell wall of Δvps21 contains less GAPDH than wildtype cells per mass of
mannoprotein
A) GAPDH activity in cell wall extracts of Δvps21 relative to BY4743, normalized to
mannoprotein in the wall. B) Loading control for total cell wall protein. Slot blot of 40 µL of cell
wall extract, stained with ConA-HRP. Error bars are the standard deviation of 3 independent
cell wall extracts.
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Cytosolic Chaperone deletions also modulate cell surface GAPDH activity

We had previously observed that deletions to cytosolic chaperones in the wall can alter
classical secretion of enzymes such as invertase (chapter 2) and GPI-linked proteins such as
the adhesin Als5 (data not published). Cytosolic chaperones Ssa1 and Ssa2 are found in the
wall of both S. cerevisiae (Lopez-Ribot & Chaffin, 1996) and Candida albicans (López-Ribot et
al., 1996), despite lacking a signal sequence. Hsp90 proteins are linked to exosome release
(Lauwers et al., 2018) and are components of extracellular nanoparticles (Jeppesen et al.,
2019). Given how chaperones are linked to unconventional protein secretion and are frequently
unconventionally secreted, we wanted to see if cytosolic chaperones also played a role in
GAPDH export.

We also tested yeast with deletions to heat shock proteins for defects in cell surface
GAPDH. S. cerevisiae has 2 major Hsp90 genes; HSP82 and HSC82. S. cerevisiae with an
Δhsp82 had a notably low average of 33% GAPDH compared to wildtype yeast. Δhsc82 yeast
had an average of 81% wildtype GAPDH surface activity, it was notably inconsistent; ranging
from 32% to 150%. We are able to conclude that chaperones can alter cell surface GAPDH
activity, and S. cerevisiae lacking Hsp82 have a defect in GAPDH secretion (figure 8).
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Stress from heat shocking increases GAPDH activity on the surface of S. cerevisiae

Many unconventionally secreted proteins are secreted during cell stress, and secretion
occurs during stress-related events such as starvation (Duran et al., 2010; Jeppesen et al.,
2019; M. Zhang et al., 2015) or inflammation (Mouasni et al., 2019; M. Zhang et al.,
2015). Additionally, many heat shock proteins are unconventionally secreted (Clayton et al.,
2005; Jeppesen et al., 2019; Kowal et al., 2016; H. Zhang et al., 2018) and some heat shock
proteins are associated with unconventional secretion mechanisms such as exosome formation
(Lauwers et al., 2018).
Delgado et al. (2003) previously demonstrates that high temperatures can promote
GAPDH activity in the cell wall after 90 minutes, however they did not investigate GAPDH
accumulation at shorter intervals (L. Delgado et al., 2003). We previously found that secretion
occurs as early as 30 minutes at physiological temperatures (chapter 2), and we reasoned we
could see a heat shock accumulation after 30 minutes at an elevated temperature. Surface
GAPDH activity was measured in yeast that were heat shocked for ½ hr. at 40-41C. We found
that a heat shock upregulated GAPDH activity 3-5-fold, consistent with previous observations
(L. Delgado et al., 2003). Additionally, we found this increase was attenuated in a Δvps21
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deletion strain (figure 9B) and in a Δbro1 deletion strain (figure 9C. Our elevated temperature
(41C, rather than 37C in Delgado et al. (2003) did not affect viability (Figure 9A).
We also screened additional gene deletion strains after a 30-minute heat shock. A
released half as much GAPDH as wildtype after a heat shock. Therefore, GAPDH secretion is
upregulated with cell stress using components of the endolysosomal system.

A)

B)

C)
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

0.1

OD340

OD340

0.08

0.04
0.02
0

WT
Ice

0.06

Δvps21

HS-42C 30 min

WT
Control

bro1
Heat Shock

Figure 9: GAPDH activity at the surface of the yeast cell wall increases after a
heat shock. The increase is attenuated in mutants lacking vps21.
Top left, and bottom row: Wildtype and Δvps21, Δbro1 were either heat shocked at
41C for 30 minutes or kept on ice, and then NADH production was measured in 30
minutes at 30C. A) 10-fold dilutions spotted onto YPD to assess cell viability after ½
hour at the indicated temperatures. Δvps21 (B) and Δbro1 (C) deletions attenuated
the cell surface GAPDH released after a heat shock. Error bars are standard
deviation of 3 technical replicates. Representative experiments of at least 2
independent trials are shown.

GAPDH is not uniformly distributed throughout S. cerevisiae

Finally, we investigated the subcellular location of GAPDH by using S. cerevisiae
containing a GAPDH-GFP fusion protein. GAPDH is expressed as 3 forms in S. cerevisiae
(TDH1, TDH2, and TDH3), all of which are cell wall associated, with Tdh2 and Tdh3 being the
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dominant forms expressed during log phase (Boucherié et al., 1995; M. L. Delgado et al., 2001).
Tdh3 accounts for the majority of cytosolic GAPDH activity (McAlister & Holland, 1985) and
TDH3 was frequently identified in fungal cell wall proteomic studies (Braconi et al., 2011;
Chaffin, 2008; Perumal et al., 2012). Additionally, we saw the most significant reduction in cell
wall GAPDH activity in Δtdh3 compared to deletions targeting other isoforms (not shown).
Therefore we chose to characterize the subcellular location of TDH3, using a TDH3-GFP fusion
protein (expressed from its native promoter).

We constructed a TDH3-GFP strain in a BY4743 background which expresses TDH3GFP at one of the two native loci (TDH3/TDH3-GFP). We noted it was not uniformly distributed
within the cytosol (figure 10A). We also stained them with ConA-Rhodamine, a lectin which
labels mannoproteins enriched in S. cerevisiae cell walls (figure 10B). We did not detect any
GFP fluorescence associated with ConA (figure 10C). However, the GFP epitope was weakly
accessible to antibodies when non-permeabilized yeast were stained with an RFP conjugated
antibody, and yeast expressing Tdh3-GFP still had GAPDH activity in the cell wall, so the GFP
tag did not inhibit secretion (data not shown).
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A)

Tdh3-GFP

B) ConA Rhodamine

C) Merge

Figure 10) TDH3 is not evenly distributed throughout the cytosol of S. cerevisiae, and
is not detectable in the wall by fluorescence microscopy.
BY4743 expressing Tdh3-GFP (A) from one of its two native TDH3 loci, (B) cell wall
mannoprotein stained with with ConA. C) Merged.

GAPDH is weakly associated with membrane-bound structures including the MVB

Given how cell surface GAPDH is altered by deletions targeting the endolyososmal
system, we hypothesized that GAPDH would associate with membrane bound structures. We
stained TDH3-GFP yeast with FM464 and monitored GAPDH and FM4-64 over time. TDH3GFP colocalizes with intracellular membranes (figure 11).
We hypothesized this may be a component of the MVB, as ILV of MVBs can contain
cytosolic proteins (Baietti et al., 2012; Mcnally & Brett, 2018; E. K. McNally et al., 2017) and
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deletions targeting ILV formation altered GAPDH activity on the cell wall (Figures 4 and 5) as
well as the contents of yeast extracellular vesicles (Oliveira et al., 2010). Snf7 is a component of
ESCRT-III, and an MVB marker which accumulates at ILVs (Huh et al., 2003; Teis, Saksena, &
Emr, 2008). We constructed yeast co-expressing TDH3-GFP and SNF7-RFP. TDH3
colocalizes with Snf7, suggesting that some GAPDH associates with the ILV of an MVB (figure
12)
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Figure 11). Membrane-bound organelles of the endolysosomal system
colocalize with Tdh3. BY4743 expressing TDH3-GFP, stained with a 1 minute pulse
of FM4-64FX, imaged with a 60X objective after 5-120 minutes. A) GFP (green). B)
FM4-64FX (red). C) merge. Arrows: Tdh3 colocalizing with the endolysosomal
system. Inset: Boxed region on corresponding 20 and 40 minute images (1 and 2)

96

A) TDH3

C) Merge

B) Snf7

Figure 12: Tdh3 colocalizes with the MVB marker Snf7.
Yeast co-expressing Tdh3-GFP (A) and Snf7-RFP (B). Top and bottom are two fields of the
same condition. Images were taken with a 60X objective.

Since Tdh3 colocalizes with the endolysosomal system and Δvps21 yeast secrete less
GAPDH, we reasoned that less Tdh3 should colocalize with the endolysosomal system in a
Δvps21 deletion background. We expressed Tdh3-GFP in both wildtype and a Δvps21
background, and let the cells take up FM4-64 for one minute. Then we resuspended them in
fresh YPD, incubated them at both either physiological temperatures (30C) and a heat shock
temperature (41C) for up to 60 minutes, and monitored the timing of FM4-64FX colocalization
by fixing at the indicated times and visualizing with confocal microscopy. We found less Tdh3
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associated with fm4-64 positive organelles in yeast with a Δvps21 deletion after 30 minutes in
both physiological temperatures, and during a heat shock (figure 13).
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Figure 13) S. cerevisiae accumulate Tdh3 at intracellular organelles in a Vps21 dependent manner.
Wildtype (A,C) and Δvps21 (B, D) yeast expressing Tdh3-GFP were pulsed for 1 minute in FM4-64FX and
incubated at 30C (A and B) or a heat shock (C and D) for 4-60 minutes, fixed in formaldehyde at the
indicated times and visualized under confocal microscopy. After 30 minutes FM4-64FX colocalizes with Tdh3
in a wildtype strain (white arrows) but not in Δvps21 yeast. This effect is exacerbated when the S. cerevisiae
are incubated at 41C. Scale bar is 10 µm.
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Discussion:
Here we demonstrated that the endolysosomal system is involved in GAPDH secretion.
Gene deletions targeting the endosome or multivesicular body can modulate the activity of
GAPDH on the cell surface. Deletions targeting the endosomal tethers HOPS and CORVET, or
the Rab-GTPases which bind them consistently alter GAPDH secretion. CORVET is an early
endosome tether which binds Rab5-GTP membranes (Cabrera et al., 2013; Gerrard et al.,
2000; Peplowska et al., 2007).
Interestingly, we found deleting genes involved in traffic could both GAPDH cell surface
activity can both increase and decrease cell surface GAPDH activity. However, no deletions
screened were capable of completely blocking secretion. This suggests there are multiple
pathways in GAPDH secretion. Additionally, GAPDH is encoded by three genes which differ in
sequence and activity (McAlister & Holland, 1985). Tdh2 and Tdh3 are both highly expressed,
and may have unique routes to the wall.
A number of deletions to genes such as Δypt7, Δvps9, Δsnf8, Δvps33, Δvps5 and
Δmuk1 resulted in increased levels of cell surface GAPDH activity, suggesting alternative
pathways were upregulated in their absence. When these hits were analyzed for gene ontology
terms, they were associated most with protein transport, vesicle docking, and endocytosis (table
1 and 2).

GAPDH secretion in the context of traffic to the vacuole
Most of the genes tested which were associated with a phenotype are encoded by VPS
(vacuolar proteins sorting) genes, which can be associated with different categories of vacuole
phenotypes (Raymond, Howald-stevenson, Vater, & Stevens, 1992; Rothman, Howald, &
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Stevens, 1989; Spang, 2016). Additionally, VPS33 (an endosome tether component), and
mutations in several of these genes (BRO1, and VPS21) mislocalize vacuolar hydrolases to the
plasma membrane (Robinson, Klionsky, Banta, & Emr, 1988). Mislocalization of vacuolar traffic
to the surface might explain some hypersecretion phenotypes observed (such as Δvps33),
however gene deletions which had the greatest increase in GAPDH activity (such as Δmuk1)
were not identified in vacuolar mislocalization studies (Robinson et al., 1988) and it is not clear
how these deletions affect vacuolar traffic.
We analyzed deletions associated with low GAPDH activity (a decrease of over 25%) for
gene ontology term enrichment using yeastmine (yeastgenome.org). We found many cell
process gene ontology terms returned were associated with endocytosis and transport to the
vacuole (table 1). Additionally, this same set of genes was enriched for endosome and vesicles
associated with traffic to the vacuole.
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Table 1) Cell process gene ontology terms
enriched among genes associated with
GAPDH secretion defects.

Table 2) Cell component gene ontology
terms enriched among genes associated
with GAPDH secretion defects.

Cell Process GO terms

p-value

Cell component GO terms

p-value

vesicle organization

1.68E-05

endosome

0.003221

vacuole organization

0.00133

HOPS complex

0.02936

vesicle fusion

0.002085

cytoplasmic vesicle

0.031858

intracellular transport

0.002296

organelle membrane fusion

0.002979

intracellular vesicle

0.031858

vesicle-mediated transport

0.003046

vesicle

0.033332

intracellular protein transport

0.010758

whole membrane

0.037489

vacuole inheritance

0.014279

vacuolar transport

0.02195

membrane fusion

0.031615

membrane organization

0.032176

cellular localization

0.03391

Gene deletions associated with less than 75% cell surface GAPDH activity (figure 1) were
queried for enriched gene ontology terms using yeastmine (yeastgenome.org). Table 1:
Cellular processes enriched in genes with low GAPDH activity. Table 2: Cellular components
enriched in genes with low GAPDH activity.

Vps21, endosomal traffic, and ILV formation during GAPDH secretion
Vps21 is one of two Rab5 proteins in yeast, which binds the endosomal tether CORVET
(Balderhaar & Ungermann, 2013). Vps21 is activated by the GEFs Muk1 and Vps9, both of
which were associated with an increased amount of GAPDH activity at the surface. As
endosomes mature into late endosomes (multivesicular bodies), they switch from Rab5 to Rab7
bound membranes which selectively recruit the HOPS complex tether (Peplowska et al., 2007).
Rab switching is facilitated by Mon1, a Rab7 GEF (Poteryaev, Datta, Ackema, Zerial, & Spang,
2010).
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While a Δvps21 deletion resulted in less GAPDH secretion, it was surprising that Δmuk1
and Δvps9 deletions increased cell surface GAPDH activity since they facilitate Vps21
activation. Yeast without these GEFs theoretically have high levels of Vps21-GDP bound to
early endosomes unlike Δvps21 deletion yeast. It is possible this results in more fusion of early
and late endosomal compartments with the plasma membrane. Additionally, a similar effect was
seen when the CORVET specific component Δvps8 was deleted. A second possibility for these
results is that there is an overcompensating suppressor in the deletion strains which had high
levels of cell surface GAPDH activity.
We found that a Δvps21 deletion interferers with GAPDH incorporation into the
endolysosomal system and decreases GAPDH secretion. A Δvps21 deletion leads to an
accumulation of endosomal compartments and blocks endocytosed proteins from entering the
vacuole by blocking both early endosome membrane fusion, and Rab5 to Rab7 switching
(Gerrard et al., 2000; Shimamura, Nagano, Nakajima, Toshima, & Toshima, 2019). Thus, there
is also a defect in MVB formation and therefore ILV generation.
We also demonstrated that GAPDH secretion involves distinct components associated
with the MVB. The most well recognized sorting signal into an intraluminal vesicle of an MVB
was ubiquitin, which acts as an assembly site. In previous studies, a polyubiquitin deletion
(Δubi4) didn’t have defects in accumulation of GAPDH in the wall after starvation (L. Delgado et
al., 2003). Our results are consistent with this; we saw no major defects from loss of either
ESCRT-0, I or II, which bind ubiquitin, and a Δdoa4 deletion (encoding a ubiquitin hydrolase) did
not have a major effect on secretion.
Interestingly, Δbro1 yeast had the most severe defect of ESCRT-associated genes
tested. Like ESCRT-0, I and II, it binds ubiquitin and participates in canonical intraluminal
vesicle formation on MVB surfaces (Tang et al., 2016). In mammals it is known to bind a series
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of adaptor proteins on the MVB surface in a ubiquitin independent manner and this pathway can
specifically generate exosomes (Baietti et al., 2012; Jeppesen et al., 2019). Like yeast,
mammals secrete GAPDH (Sheokand et al., 2013; Yamaji et al., 2005). However, ALIX
generated exosomes were recently immunoisolated, and GAPDH was not part of these vesicles
(classical exosomes) (Jeppesen et al., 2019). It is unknown if ALIX/Bro1 is involved in additional
ubiquitin independent pathways.
Snf7 is a major ESCRT-III which polymerizes to distort MVB membranes. We found that
on average, Δsnf7 yeast had elevated levels of cell surface GAPDH. However, GAPDH levels
varied dramatically, suggesting variables we did not account for both positively and negatively
modulating GAPDH secretion, and those variables were exaggerated in a Δsnf7 strain. Snf7 is
frequently used as a MVB marker (Huh et al., 2003) and a bulk of Snf7 localizes to the MVB.
However there alternative roles for Snf7, and it plays a role in unconventional secretion in both
intraluminal vesicle biogenesis (Baietti et al., 2012), microvesicles that shed from the plasma
membrane (Scourfield & Martin-serrano, 2017), and localizes to CUPS in Acb1 secretion
(Curvin et al., 2016).

GAPDH is sorted into organelles
GAPDH is abundant but does not get sorted for secretion by chance. Amino-acid
sequences in TDH3 (and presumably the other isoforms) can sort fusion proteins for secretion
(M. L. Delgado et al., 2003), similar to enolase (López-villar et al., 2006). Our results are
consistent with these observations, as Tdh3 not uniformly distributed over the cell. Further, we
show that it does colocalize with membrane-bound organelles, including Snf7 membranes.
GAPDH does have extracellular functions, suggesting its selective recruitment into
unconventional secretion pathways is an evolutionary adaptation. In yeast, it can be cleaved
into smaller anti-microbial peptides (Patrícia Branco et al., 2014; Patricia Branco et al., 2017),
and a Δtdh3 deletion alters GPI-anchoring (González, 2009). Unconventional protein secretion
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is often upregulated as a response to stress. Here we show an unconventionally secreted
protein is increased during a heat shock, and there are defects in GAPDH secretion when
components of the endolysosomal system are missing.
Conclusions
GAPDH is secreted to the cell wall by a mechanism independent of autophagy and
classical secretion but involves components of endocytosis and intraluminal vesicle formation.
Given that we could not completely block GAPDH secretion, there are likely multiple pathways
involved. GAPDH secretion is upregulated after cell stress from a heat shock, and the secretion
during both normal cell growth and stress is partially dependent on Vps21-mediated membrane
tethering. Some GAPDH colocalizes with membrane-bound organelles such as the MVB,
however only a small portion of the total GAPDH colocalizes with these organelles.
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Figure 14) Model for GAPDH secretion
GAPDH is secreted to the cell surface where it can be deactivated by a membrane
impermeant covalent modifier such as Sulfo-NHS-LC biotin (1), and can be extracted using
low concentrations of DTT (2). Cell surface GAPDH activity is altered when components of
the CORVET and HOPS tethers or intraluminal vesicle biogenesis are deletion. The GAPDH
isoform Tdh3 enters the endolysosomal system and colocalizes with the MVB in a mechanism
that relies on Vps21 (3).

Materials and methods:
30 minute surface GAPDH assays (whole cell in situ assays):
Extracellular GAPDH was assayed using a modified protocol previously reported (M. L.
Delgado et al., 2001) as in Chapter 2. S. cerevisiae with homozygous deletions (Winzeler et al.,
1999) were grown to log phase in YPD, harvested and resuspended in either acetate buffer (pH
5) or TBS (pH 7). Cells were concentrated to an OD of 1.25, and 20 µL (5 x 10^5 cells) were
loaded into a microcentrifuge tube. 180uL of assay buffer (40 mM triethanolamine, 50mM
Na2HPO4, 5mM EDTA 100 µM DTT, 1mM NAD+ and 1mM glyceraldehyde-3-phosphate) was
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added to each tube for 30 minutes at 30C in duplicate. To terminate the reaction, reaction tubes
were chilled, spun at max speed for 2 minutes, and 180uL of supernatant was loaded into a
microplate. An OD340 was measured against a blank (reaction lacking cells) to quantify NADH
production. Yeast were also assayed at different concentrations to ensure NADH production
was proportional to cell concentration, and 5 x 10^5 yeast were assayed in the absence of
glyceraldehyde-3-phosphate as a negative control.
For primary screen: Deletions that had 40% lower GAPDH than wildtype or 50% greater
wildtype were considered related to GAPDH secretion and screened an additional time. NADH
production varied due to other factors such as strain age, culture OD, and DTT stability. For
heat shock experiments, 5 x 105 yeast were placed in a 40-41C waterbath for 30 minutes, and
then GAPDH activity was measured as above in triplicate.

Biotinylation and GAPDH activity over time.
Yeast were harvested in log phase, washed 2X and resuspended in PBS. 1mg/mL of the
membrane impermeant modifier sulfo-NHS-LC biotin was added to half of the cells for 1 hr on
ice to ablate most cell surface GAPDH activity. To measure recovery, GAPDH activity for 5 x
10^5 yeast was measured as above, except NADH production was measured for 0-90 minutes.

Constructing strains:
Deletions were homozygous diploid knockouts from the yeast deletion project (Giaever et
al., 2002; Winzeler et al., 1999). To construct BY4743 with a TDH3-GFP fusion protein
(encoded by GFPS65T), the C terminal sequence of TDH3-GFP and HIS3 marker from YHS905
(a generous gift from Scott Holmes) (Ringel et al., 2013) was amplified by PCR (see table 2)
and cloned into BY4743 by homologous recombination (BY4743 TDH3-GFP). Integration at the
correct loci was checked using primers (see table 2). BY4743 TDH3-GFP was sporulated and
haploids lacking GFP fluorescence were visible, demonstrating that a single copy was
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integrated. Haploids were mated with the SNF7-RFP expressing strain EY1677 to make a
double labeled strain of yeast (TDH3-GFP and SNF7-RFP).

Microscopy and staining:
Yeast were visualized on an Olympus Fluoview confocal microscope. To visualize
nuclei, yeast were stained with DAPI. For visualizing membranes yeast were grown in YPD,
resuspended in YPD + 20 ng/mL FM4-64FX 1 minute, resuspended in fresh YPD, and fixed with
4% paraformaldehyde. Confocal microscopy was performed on an Olympus Fluoview FV10C-0
using a 60X objective zoomed to 2.5X. Images are representative slices. GFP was detected
using an eGFP setting, and FM4-64 and RFP were detected using a wide-red setting.
To stain GAPDH, BY4743 TDH3-GFP was incubated with anti-gfp (Santa-Cruz) at 37C
for 1 hour to overnight, followed by anti-mouse Texas Red and visualized on an Olympus
fluorescence microscope. To ensure antibody specificity, control yeast were either not stained
with primary antibody, or yeast lacking a GFP-tag were stained.
Gene ontology enrichment:
A gene list was queried into yeastmine (yeastgenome.org) against an S. cerevisiae
background on January 10 2020 using a Holm-Bonferroni test correction.
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Table 3: List of yeast strains used for this study, and primers used
Strains
BY4743
Deletion
mutant
screened:
YSH905
(BY4741
TDH3-GFP)
BY4743
TDH3-GFP
Δvps21
TDH3-GFP
SNF7-RFP

Genotype
MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0
met15Δ0/MET15 ura3Δ0/ura3Δ0
Isogenic to BY4743, with indicated gene deleted and replaced
with a KanMX4 casette
MAT a his3D1 leu2D0 met15D0 ura3D0TDH3-GFP(S65T)–HIS3MX

MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0
met15Δ0/MET15 ura3Δ0/ura3Δ0 TDH3-GFP::HIS3
MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0
met15Δ0/MET15 ura3Δ0/ura3Δ0 vps21Δ::KanMX TDH3-GFP::HIS3
MATa his3D1 leu2D0 lys2D0 ura3D0 SNF7- mRFP1::kanMX6

MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0
met15Δ0/MET15 ura3Δ0/ura3Δ0 TDH3-GFP::HIS3 SNF7mRFP1::kanMX6
Oligos used for PCR

TDH3/SNF7

Source
Euroscarf collection
Euroscarf collection
(Winzeler et al.,
1999)
(Ringel et al., 2013)

This study
This study

Huh 2003 (EY1677
(ATCC 201389)
This study (SNF7RFP crossed with
TDH3-GFP)

Primer
Name

Sequence

Used for

GFP-For

TACCAGAGTTGTCGACTTGGTTGAACACGTTGCCAAGGCTgg
tcgacggatccccgggtt
AAGAAAATTTATTTAAATGCAAGATTTAAAGTAAATTCACtc
gatgaattcgagctcgtt

Copy TDH3GFP::HIS3 from
YSH905

TCTGGGTATCTTGAAAAGCA

Check for correct
integration site

GFP-Rev
GFPcasette
TDH3check

ATTGGCCAAGGTTATCAACG
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